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SUMMARY 


We  have  investigated  the  hypothesis  that  high-abuse  pharmacological 
agents  with  ostensibly  different  biochemical  and  behavioral  effects  have  a 
common  influence  on  the  central  reward  system  as  measured  by  intra- 
cranial self-stimulation.  We  have  investigated  the  effects  of  the  optical 
isomers  of  amphetamine  on  different  central  reward  sites  and  have  found 
that  differential  behavioral  effects  can  be  obtained  within  the  reward  sys- 
tem. Biphasic  effects  on  self-stimulation  are  obtained  upon  repeated 
morphine  administration.  These  effects  are  site  and  dose-dependent. 
Synergistic  effects  are  obtained  with  cholinergic  agents.  Effects  similar 
to  those  of  morphine  were  found  with  pentobarbital.  These  diverse 
agents  facilitated  self-stimulation,  though  the  time  course,  amount  of 
facilitation,  and  site  of  effect  differed  across  pharmacological  agents. 

We  investigated  specificity  of  response  rate  and  refractoriness 
within  the  central  reward  system  using  the  monophasic  cathodal /anodal 
technique  to  differentiate  between  heretofore  homogeneous  self-stimulation 
areas  from  which  differential  drug  effects  are  obtained  by  superimposing 
the  isomers  of  amphetamine  on  this  technique.  We  are  able  to  determine 
directionality  of  fiber  pathways  in  the  central  reward  system(s).  Des- 
truction of  one  part  of  the  reward  system  was  found  to  abolish  or  drasti- 
cally reduce  self-stimulation  behavior  in  another  part,  but  d -amphetamine 
reverses  this  process  while  1-amphetamine  does  not. 
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GENERAL  INTRODUCTION 


Throughout  this  contract,  we  have  investigated  the  hypothesis  that 
high-abuse  pharmacological  agents  with  ostensibly  different  biochemical 
and  behavioral  effects  have  a common  influence  on  the  central  reward 
system  as  measured  by  intracranial  self- stimulation.  We  contend  that 
pharmacological  agents  with  high-abuse  liability  alter  the  central  reward 
system  in  addition  to  exerting  their  specific  behavioral  effects;  in  con- 
trast, non-abuse  agents  do  not  facilitate  the  central  reward  system. 
Hence,  such  diverse  agents  of  high  abuse  as  stimulants,  narcotics  and 
barbiturates  should  alter  self- stimulation  in  a facilitatory  manner  be- 
cause their  common  basis  of  abuse  is  the  activation  of  central  reward 
mechanisms . 

Our  studies  thus  far  have  comprised  two  major  approaches:  (1) 
investigation  of  localization  of  sites  of  action  within  the  central  reward 
systems  of  stimulants,  narcotics  and  barbiturates;  and  (2)  investigation 
of  those  sites  altered  by  high  abuse  potential  drugs  to  elucidate  the 
nature  of  central  reward  mechanisms,  to  characterize  their  physiologi- 
cal interactions,  and  to  systematically  manipulate  one  part  of  the  re- 
ward mechanism  in  order  to  affect  another  part.  Specifically,  the  first 
approach  has  investigated  the  effects  of  the  optical  isomers  of  ampheta- 
mine on  different  central  reward  sites  and  has  found  that  differential 
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behavioral  effects  can  be  obtained  within  the  reward  system.  The  first 
approach  also  included  investigation  of  the  effects  of  repeatcu  morphine 
administration  across  doses.  These  studies  demonstrated  biphasic 
(depressive  followed  by  facilitatory)  dose-dependent  effects  on  self- 
stimulation  from  distinct  neuroanatomically  distinct  loci.  We  report 
the  synergistic  effects  of  morphine  and  cholinergic  agonists/antagonists. 
Finally,  the  first  approach  investigated  the  effects  of  sodium  pentobarbi- 
tal (Nembutal)  on  two  neuroanatomical  loci  over  repeated  administrations. 
In  all  three  cases,  these  diverse  agents  facilitated  self-stimulation, 
though  the  time-course,  amount  of  facilitation,  and  activated  loci 
differed  across  pharmacological  agents. 

The  second  approach  concerned  three  categories  of  experiments; 
the  first  investigated  specificity  of  response  rate  and  refractoriness 
within  the  central  reward  system  of  discrete  and  distinct  neuroanatomical 
loci  that  are  closely  adjacent.  We  used  the  monophasic  cathodal /anodal 
technique  to  differentiate  between  heretofore  homogeneous  self-stimulation 
areas  where  differential  drug  effects  could  be  obtained.  We  have  estab- 
lished that  these  distinct  neuroanatomical  loci  which  sustain  self- 
stimulation behavior  are  indeed  a physiologically  interrelated  system. 

This  was  done  by  using  behavioral  measures  to  estimate  the  magnitude 
of  neurophysiological  interactions  between  intracranial  self-stimulation 
(ICSS)  sites;  moreover,  we  present  preliminary  data  determining  direc- 


tionality (ascending  or  descending)  of  the  system.  It  was  determined 
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that  this  system  is  pharmacologically  differentiable,  that  is,  when  a part 
of  the  system  which  equipotently  reacts  to  both  isomers  of  amphetamine 
interacts  with  a part  of  the  system  which  reacts  only  to  d -amphetamine, 
a large  behavioral  interaction  occurs.  When  both  interacting  parts  are 
only  d-amphetamine  reactive,  a small  interaction  occurs.  Thus,  dis- 
crete localization  of  sites  which  are  differentially  affected  by  drugs  be- 
have differently  with  respect  to  one  another. 

Finally,  but  certainly  not  least  important,  it  was  found  that  destruc- 
tion of  one  part  of  the  reward  system  will  abolish  or  drastically  reduce 
self-stimulation  behavior  in  another  part,  but  that  d-amphetamine,  a 
high-abuse  agent,  reverses  this  process  while  1 -amphetamine,  a non- 
abuse agent,  does  not. 

During  the  contract  period,  we  tested  over  300  rats,  filling  212 
conditions,  in  various  phases  of  these  experiments;  rats  were  intro- 
duced to  these  conditions  after  they  had  achieved  stable  baseline  re- 
sponding (a  minimum  of  three  days  to  a maximum  of  three  months). 

The  following  list  enumerates  ten  series  of  experiments  which  were 
run  during  the  contract  period. 

I.  Differential  effects  of  morphine  on  self-stimulation  over 
hours,  dosage  and  days. 

* • • « , 

II.  Effects  of  cholinergic  agents  on  self-stimulation  over  hours 


and  days. 
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III.  Interactive  effects  of  cholinergic  agents  and  morphine  on 
self- stimulation  over  hours,  dosage  and  days. 

IV.  Effects  of  morphine  on  rate -intensity  functions. 

V.  Neuroanatomic  differentiation  of  the  d-  and  1 -isomers  of 
amphetamine. 

VI.  Differential  effects  of  d-  and  1 -amphetamine  on  the  reinstate- 
ment of  ICSS  following  locus  coeruleus  lesions. 

VII.  Effects  of  pentobarbital  on  self-stimulation  over  hours  and 


VUI.  Behavioral  evidence  for  neurophysiological  interactions 
between  intracranial  "reward"  loci. 

IX.  Neuroanatomical  differentiation  of  self-stimulation  sites: 
specificity,  refractoriness,  and  directional  interactions 
of  self-stimulation  sites. 

X.  Preliminary  testing  of  the  effects  of  amphetamine  as 
determined  by  a double-pulse  (C-T)  technique. 
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SPECIFIC  EXPERIMENTS 

The  following  seven  specific  experiments  supported  in  part  by 
U.  S.  Array  Contract  DADA  17-73-C-3072  are  attached: 

1.  D-  and  L- Amphetamine  Differentially  Mediates  Self-Stimulation 
in  Rat  Dorsal  Midbrain  Area 

2.  Differential  Effects  of  Unilateral  Dorsal  Hindbrain  Lesions  on 
Hypothalamic  Self-Stimulation  in  the  Rat 

3.  Alteration  of  Escape  from  Rewarding  Electrical  Brain  Stimulation 
by  D -Amphetamine 

4.  Comparison  of  Rehaviors  Elicited  by  Electrical  Brain  Stimulation 
in  Dorsal  Brain  Stem  and  Hypothalamus  of  Rats 

5.  Behavioral  Interactions  among  Rat  Brainstem  and  Hypothalamic 
Self-Stimulation  Sites 

6.  Directionality  of  Neurophysiological  Interactions  between  Brainstem 
and  Hypothalamic  Self-Stimulation  Loci  in  Rats 

7.  Intracranial  Self -Stimulation  Site  Specificity:  Monopolar  Activation 


of  Bipolar  Electrodes. 
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d amphetamine,  while  snhslaiilia  nigta  tespttnse  tales  ate 
et|nallt  enhatieed  ht  |>ol It  isomeis 

Sevetal  utseilig.ilois  hate  loiiit.l  that  mulhtatn  and 
pontine  dotsal  biainstein  ele.liode  sites  siippoit  ICSS  lot 
example,  peii.ninediulal  midhiain  and  .nliaeent  teitnient.il 
areas  suppotl  ICSS  |4,  7,  |(),  | s>  >s  >s  |.j|  ,ls  does  the 
1C  (a  nor  ad  tenet  tin  pontine  pet  it  e til  1 n tilai  tut.  lens  I and  its 
aseending  ptoie.lion.  the  dotsal  not  u.lieneigi.  bundle 
(UNIII  | S,  ||,  !|,  "i|  Stem,  tu  setetal  studies  | 1 1 . 

Ih|  using  ph.it  ni.ts plogi.nl  a items  stt.lt  as  .1  amphetamine, 
dielhyldithioeaihainate  and  pimo/i.le.  , oneluded  that  It  SS 


elietted  Itom  the  hypothalamus  and  1C  is  mediated  hy 
noiepiiiepltitne  Imleed,  Stem  eoneluded  that  all  ICSS  is 
mediated  hs  noiepmephiine  We  till  tound  that  It  ICSS 
tesemhles  hvpolhalauiie  ICSS  in  that  d -amphetamine  en 
hait.es  It  ICSS  tales,  hut  I amphetamine  does  not 

Hits  teport  investigates  the  etleel  ol  .1  and  I -amphet- 
amine upon  the  uitenoi  portions  ol  the  It,  01  its 
as.  ending  pioieeli.m,  the  I'NH,  and  the  ninlienii.il  pot 
t ions  ot  the  i>en  i.|ueduetal  and  pontine  peutentneiilai  gias 
atea  and  adtaeent  tegmentum.  spec  tin  alls  stt.li  ateas  as  the 
o.ulomotoi  iiu.lei,  the  inletsiiti.il  nu.lei,  the  dotsal  t.iphe 
nu.  let,  and  the  medial  longitudinal  laseieulus 

Ml  I HOD 

Imma/t  ,oi,l  t'roi-eJure 

Issents  one  male  albino  Sptague  Dawlei  i.ilst  17s  s()0 
gl  weie  aneslheli/ed  with  I .|uttliesin  (Jensen,  I ml  kg>, 
plaeed  in  a kopt  sleieotasn  iiisliumenl.  and  miplaiiled 
with  a stainless  steel  hipol.it  ele.liode  wlii.  li  was  11  s mni  al 
its  widest  extent  and  .oniplelelt  insulated  ex.ept  at  the  tip 
In  ea.  h animal,  the  ele.  liode  was  aimed  al  I ol  ateas  (a) 
the  petta.|uedtivtal  mnlhiam  m the  aiea  ot  the  medial 
longiliidm.il  tas.iiidus,  designated  1111.I  teilltal  (\tV>,  and 
hi  the  DNlt  Wuh  the  ineisoi  h.u  at  s mm.  eooidinales 
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were  0.6  mm  anterior  to  lambda.  IK  mm  lateral  to  the 
sagittal  suture,  and  tv.K  mm  from  the  top  ol  the  skull  and 
angled  12  toward  the  mid-sagittal  plane  tor  MV  sites.  I 0 
to  12  mm  posterior  to  lambda.  I 0 nun  lateral  to  the 
sagittal  suture,  and  7 0 nun  from  the  top  of  the  skull  lor 
DNB  sites. 

Ten  days  after  recovery  from  surgery,  each  animal  was 
shaped  to  barpress  in  an  operant  conditioning  c lumber  (see 
(III  for  dimensions)  on  a continuous  reinlorcement 
schedule  Reinforcements  consisted  of  250  msec  trains  of 
sinusoidal  60  11/  waves  passed  between  the  bipolar  elec- 
trodes Current  was  continuously  monitored  on  a differen- 
tial input  cathode  ray  oscilloscope  by  observing  the  voltage 
drop  across  a 1000  ohm  1'7  resistor  in  series  with  the 
animal.  Animals  were  shaped  lor  a minimum  ol  IS 
successive  daily  sessions  at  a variety  of  current  intensities 
Rats  that  did  not  self-stimulatc  were  discarded  All  remain- 
ing animals  self-stimulated  daily  throughout  a 40  nun 
session  which  was  divided  into  five  7 min  periods  separated 
by  I min  timeouts.  Data  from  the  lust  2 nun  of  each  7 nun 
period  were  disregarded  to  reduce  carry  over  effects.  The 
mean  response  rates  over  the  last  5 nun  of  each  7 nun 
period  were  recorded  and  constituted  the  dependent 
variable  in  all  conditions.  Criteria  lor  determining  a 
rate-intensity  function  were  the  following,  during  the  tirst  7 
min  period,  the  stimulation  intensity  was  sufficiently  low 
so  that  the  animal's  mean  response  rate  over  the  last  5 min 
of  the  period  was  below  an  arbitrarily  defined  response- 
threshold  of  about  10  responses  per  nun.  The  fifth  intensity 
sustained  self-stimulation  behavior  al  rates  which  ap- 
proached or  reached  the  animal's  highest  response  rates. 
The  second,  third,  and  fourth  intensities  yielded  response- 
rates  that  were  between  threshold  and  peak  intensity 
response  rates.  Rate-intensity  functions,  averaged  over  5 
days,  were  determined  for  each  animal. 

After  stable  rate-intensity  functions  were  established, 
each  animal  entered  the  following  drug  paradigm  which 
consisted  of  a series  of  six  5 day  sequences.  Days  I and  5 of 
each  5 day  sequence  served  as  pre-  and  postdrug  saline 
controls  respectively  On  these  days,  only  saline  solution  ( I 
ml/kg.  i.p  I was  injected  50  min  before  self-stimulation 
sessions.  On  the  second  day  of  each  5 day  sequence, 
animals  were  injected  50  nun  before  self-stimulation  ses- 
sions with  either  d-  or  l-aniphetanune  sulfate  (Smith.  Kline 
& French.  1 mg  ml  kg  in  saline.  11*1  l-ach  animal  received 
both  d-  and  l-isonu-rs  in  successive  5 day  sequences  ui  an 
a-b-b-a-a-b  order  which  was  counterbalanced  across  animals 
Thus,  each  animal  received  IS  injections  5 of  the  d 
isomer,  5 ot  the  l-isomer  and  12  ol  saline.  All  comparisons 
were  made  between  drug  days  (Day  2)  and  prcdiug  saline 
days  (Day  1 1 Data  from  postdrug  saline  days  (Days  51  were 
disregarded  to  exclude  drug  carryover  effects 

Fight  of  the  animals  (5  MV.  5 DNB)  were  tested  in  the 
above  procedure  under  a variety  of  drug  doses  lor  d-am- 
phet.imuu-  (0  25.  0 5.  10.  2.0  mg/ml/kg  in  saline.  II’)  and 
Famphetamine  (0  5.  | 0.  2.0  mg/ml'kg  in  saline.  Il’l  1 hese 
animals  received  IS  injections  per  dose  nr  random  order  as 
described  above. 

Alter  completion  of  the  experiment,  animals  were 
overdosed  with  Fquithcsin  and  perfused  with  normal  saline 
followed  by  10  Formalin  Serial  fro/cn  sections  were 
stained  with  luxol  last  blue  and  cresyl  violet  |I5I  and 
eleetrode  loci  determined  by  microscopic  examination  of 
(he  sections. 

Response  rates  under  both  isomers  were  compared  for 


each  electrode  site  Sites  which  exhibited  a significantly 
greater  response  enhancement  under  d amphetamine  as 
compared  to  l-ainphctaminc  were  grouped  into  Drug 
fategory  I.  while  sites  which  exhibited  neatly  equal 
response  enhancement  under  both  isomers  were  grouped 
into  Diug  Category  II  I ach  electrode  locus  was  determined 
without  knowledge  of  its  drug  category 

KtSULTS 

In  every  instance  Drug  Category  I electrodes  ( n 10) 
were  localized  within  the  ventrolateral  portions  of  the 
periaqueductal  giay  (anterior  I Cl  and  adiaccnl  tegmentum 
(D\B)  In  every  instance  Drug  Category  II  electrodes  (n 
‘)|  were  localized  in  the  mid-vential  portions  of  the 
periaqueductal  and  pontine  periventricular  areas,  and  in  the 
adjaccnt  tegmentum  (MVl  I he  latter  included  placements 
as  far  rostral  as  (lie  inters! Hal  nucleus  and  as  lai  caudal  as 
the  pontine  medial  longitudinal  tasciculus  at  the  level  of  tin- 
dorsal  tegmental  nucleus  (Fig  I I 

Table  I shows  each  animal's  la)  response  rates  lor  peak 
intensities  under  saline  (h)  threshold  intensities  under 
saline  and  drug  conditions,  and  Ic)  difference  score  between 
d-  and  l-ainphctaminc  1 1 mg/kg)  Figure  2 shows  the 
multiplicative  effects  on  rale-intensity  curves  obtained  from 
both  sites  under  d-  or  l-amphetatnine  (I  mg/kg)  as 
compared  to  the  saline  condition  This  ratio  was  obtained 
by  assigning  saline  response  rates  a value  of  one  and  drug 
response  rates  a value  proportionate  to  the  ratio  between 
drug  response  rate  and  saline  response  rate  tie,  multiplica- 
tive effects).  Both  Fig  2 and  Table  I show  that  in  DNB 
sites,  response  enhancement  under  d-amphe(amine  was 
significantly  greater  than  response  enhancement  under 
I amphetamine  (correlated  difference  score  r tesl./>-  0 005). 
while  in  MV  sites,  there  was  no  significant  dillcrence 
between  response  enhancement  under  d-  as  compared  to 
1 amphetamine  (correlated  difference  score  r test . />  0.05) 
Furthermore,  response  enhancement  under  d amplietamine 
was  significantly  greater  lor  DNB  compared  to  MV  sites 
(Mann-WIntney  l1  lest.  jn.0  05)  On  the  other  hand, 
response  enhancement  under  (-amphetamine  was  signifi- 
cantly greater  for  MV  sites  compared  to  DNB  sites 
(Mann-Whitney  U Test./i-  0 05) 

Figure  5 depicts  the  multiplicative  drug  effect  plotted 
against  dosage  Note  that  al  I nig  kg  doses,  the  data  are 
comparable  to  those  shown  in  Fig  2,  that  is,  DNB  sites 
show  ditferenti.il  responding  under  d-  and  l-amphetamine 
wlnle  MV  sites  show  virtually  equal  responding  across 
doses. 

DISCUSSION 

If  one  accepts  the  generalization  that  noradreneigic  areas 
respond  differentially  to  d-  ami  l-aiiipheiamine.  while 
dopaminergic  sites  respond  equally  to  d-  ami  I amphet 
amine,  then  the  present  results  can  be  easily  explained  I lie 
results  obtained  from  stimulation  ol  DNB  sites  would  he 
compatible  with  previous  hislolloorcsvviil  and  pharmacolo- 
gical studies  indicating  that  the  !('  and  its  ascending 
protections  are  noradrenergic  III.  20.  27.  5 1.  55.  5‘>  I Tin- 
results  from  oiii  MV  sites,  showing  that  d-  and  I amphet 
amine  have  virtually  equal  response  enhancement  on  It  SS, 
are  similar  lo  results  obtained  Irom  the  substantia  nigra 
1 18.271 . While  there  is  considerable  evidence  that  the 
substantia  nigra  contains  dopaminergic  cell  Iwvdiv-s  | I'M  . the 
evidence  lor  catecholamine  neuronal  elements  m MV  sites 
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MG.  I Location  of  electrode  tip*  for  dorsal  noradrenergic  bundle  sites  (circles)  and  for  mid-ventral  periaqueductal/periventricular  sites 
(triangles)  These  sections  progress  postenotally  (mm  the  anterior  mnlbram  at  the  level  ol  the  oculomotor  nuclei  (upper  lei 1 1 to  the  anterior 
pons  at  the  lev  el  ol  the  locus  coerulcus  (lower  right).  All  sections  except  the  two  rightmost  in  the  bottom  row  are  adapted  Iroin  koine  and 
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has  only  recently  become  clear  Investigators  employing 
flourescent  htsioehenncal  techniques  have  repeatedly  de- 
tected catecholammergic  cell  bodies  and  terminals  within 
the  periaqueductal  gray  area  I arly  reports  [»|  described  a 
catecholammergic  area  (A-IO)  located  in  the  mid-sagittui 
plane  of  tat  litulbraitt  which  extends  dorsalis  to  the  ventral 
border  of  the  periaqueductal  gray  atea  Catecholamine  cell 
bodies  have  also  been  reported  within  the  periaqueductal 
gray  area  (oculomotor  and  I dntger-Westphal  nuclei)  \iea 
A-IO  was  subsequently  shown  to  be  dopaminergic  with 
terminals  in  the  nucleus  accumhens  |l..'l>l  where  equal 
ICSS  enhancement  lor  both  ampliclamine  isomers  has  been 
recently  reported  | 2S I Subsequent  itivesiigaitott  has  con- 
firmed that  the  MV  area  contains  ta)  distinct  groups  of 
catecholamine  containing  cell  bodies  in  the  periaqueductal 
gray  area  as  far  anterior  as  the  oculomotoi  nuclei  and  as  tat 
posterior  as  the  dorsal  raphe  nucleus,  anil  th)  distinct 
catecholamine  containing  fibers  interspersed  within  the 
medial  longiludin.il  fasciculus  as  fat  posterior  as  the  level  of 
the  locus  coerulcus  | 1 2,  20.  21 . 24.  2b)  Our  animals'  MV 
electrodes  were  located  xx  it  It  in  these  areas. 

On  the  basis  of  the  above  data,  a catecholammergic 
hypothesis  accounting  for  NO'  periaqueductal  self-stimula- 
tion has  a firm  anatomical  base.  However,  it  has  also  been 
suggested  that  these  cells  may  he  a dotsal  extension  of  the 


A-IO  (dopaminergic)  cell  group  |‘>,20|  Moreover,  recent 
reports  |2I|  indicate  that  group  All,  composed  ol 
dopaminergic  neurons  (.1),  extends  along  the  dorsal  longitu 
dinal  fasciculus  from  the  caudal  hypothalamus  to  the 
periaqueductal  gray  area  as  far  caudal  as  Hie  dotsal  raphe 
nucleus  The  present  suggestion  that  MV  ICSS  is  mediated 
hy  dopaminergic  neurons,  possibly  an  extension  ol  the 
A-IO  dopaminergic  gtoup.  oi  the  periaqueductal  poiliono! 
the  A ll  dopammetgic  gtoup  tests  heavily  on  the  d-  and 
l-amphelammc  behavioral  screening  procedure,  and,  like 
Phillips  and  Tihiget's  investigations,  is  dependent  on  the 
validity  ol  (lus  procedure  These  results  III.  27.  2!S.  the 
present  study  | are  therefore  vulnerable  to  some  ciiIicimii 
I I 14.  ,!S|  of  Hie  validity  ol  d-  and  lamphelamiiie 
screening  to  distinguish  between  norudrvnetgic  and  dop- 
aminergic neurons. 

II  we  musl  be  tentative  in  concluding  that  ICSS  m the 
MV  atea  is  mediated  by  dopamine,  il  then  becomes 
important  u>  explore  alternative  explanations  T tit tl  te- 
eently.  serotonin  was  the  only  known  monoamine  found  in 
large  quantities  within  the  periaqueductal  atea  | '» | Thus,  it 
might  be  hypothesized  that  our  results  were  mediated  by  an 
augmented  release  ol  serotonin  llovvevei.  such  an  hypothe- 
sis would  lace  several  dillicullies  lust,  it  has  been  shown 
llial  release  ol  sciotomn  is  grealesl  alter  low  frequency 
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TABLE  I 

COMPARISON  OF  MIDVENTRAI  PFRIAQUFDUCTAI  SF1  F STIMULATION  RATES  AND  DORSAI  NORADRF.NFRtilC 
BUNDLE  StLF  STIMUl  AT  ION  RATES  FOR  PI  AK  INTFNSITY  AND  THRFSHOI  D IN1FNSIIY  UNDIR  SAI  INI  AND  D OR 

l.-AMPHETAMINE  SULPHATE 


Animal  Electrode  Silc 

Peak  Intensity 
Saline 

Response  Rate 

Threshold  Intensity 
Saline  D-amphetamine  L 

-amphetamine 

Response  Rate 
Difference  Score 
D-ampheta  mine 
minus 

1 -amphetamine  1 

Mid  Ventral  Animals 

98C  Oculomotor  Nuclei 

560 

5.0 

18.4 

6.5 

+ 119 

30E  Oculomolor  Nuclei 

98.2 

16.4 

399 

26.7 

+ 13.2 

3IE  Dorsal  Tegmental 

86.3 

15.7 

46.6 

8.1 

+ 38.5 

Decussation- Linearis 
Pars  Caudalis 

32E  Dorsal  Raphe 

195  6 

27.0 

18.0 

31.8 

-13.8 

43E  Oculomotor  Nuclei 

5.8 

39.3 

21.6 

+ 17.7 

9JE  Pontine  Medial 

29.7 

5.3 

65.2 

52.8 

+ 12.4 

Longitudinal  Fas- 
ciculus-Ventral 
Tegmental  Nucleus 

3F  Interstitial  Nuclei 

35  0 

6.4 

17.5 

21.7 

-4.2 

I9F  Midline  Gray 

45.2 

4.8 

1.0 

14.2 

-13.2 

Between  Dorsal 
Tegmental  Nuclei 

43E  Dorsal  Raphe 

55.5 

1.9 

5.2 

39.0 

-33.8 

Mean: 

69.3 

9.8 

27.9 

24.7 

+ 3.2* 

Dorsal  Noradrenergic  Bundle  Animals 

9E  Lateral  to  Ventral  14.7 

6.5 

36.9 

15.9 

+ 21.0 

Tegmental  Nucleus 
I3E  Dorsal  Noradrener- 

13  8 

3.0 

15.3 

4.4 

+ 10.9 

gic  Bundle-Medial 
to  Mesencephalic  V 
I4E  Dorsal  Noradrener- 

22.1 

1.7 

3.6 

0.9 

+2.7 

gic  Bundle* Anterior 
Locus  Cocruleus 

I8F  Dorsal  Noradrener* 

1 10.4 

0.7 

0.7 

0.0 

+0.7 

gic  Bundle-Anterior 
Locus  Cocruleus 

33E  Dorsal  Noradrener- 

58.9 

8.4 

27.6 

7.1 

+ 20.5 

gic  Bundle* Anterior 
Locus  Cocruleus 

54E  V entral  Locus 

26.5 

3.4 

83.9 

10.5 

+73.4 

Coeru  leu  s- Dorsal 
Noradrenergic 

Bundle 

74E  Dorsal  Locus 

42  4 

3.9 

52.9 

3.4 

449  3 

Cocruleus 

23 F Dorsal  Noradrener- 

26  8 

2.8 

23.8 

0.0 

+ 23.8 

gic  Bundle 

26F  Anterior  Locus  - 

19  0 

1 0 

13.3 

10 

+ 12.3 

(left)  Cocruleus 

26  F Anterior  Locus 

34.3 

1.6 

61.1 

4.6 

♦ 36.5 

t right ) Coeru  leu  s-  Dorsal 
Noradrenergic 

Bundle 

Mean: 

36.9 

3.3 

31.9 

4.8 

♦ 27.lt 

•l  act. -0  5 (/i '>0.05) 
♦t  act.  = >.5  (pM>.05l. 
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•-  - ■*  DNB  I amphetamine  i Thresh  Intan  i 
'■*  ° MID  VENTRAL  D .Thresh  Inten  i 


DOS! 
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l 0,  0 iiu'  kj*t  atul  l *0  V 10  ' 0 nv\  kv*  upon  the 

thtexhold  tnlenxitx  in  (lie  dotvtl  noi.nlienenu  bundh  <PMtt  jnd 
mui  wnhal  pen.npiedtu  l.il  penxentih  ul.u  intdbi.tin  ,nu  «M\  ) 


rapin'  stimulation.  hut  minim.il  alter  ht|!li  lio.|iiono>  stinui 
latum  such  as  that  omploso.l  m the  present  cvpetimonts 
||7|  Sccon.l.  il  has  Ivon  rcpcatc.il>  siieposto.l  dial 
so  rot  im  m roloaso  pro.lu.es  .Ic.acasc.l  soil  slimiilatum  | 

TO,  ,t7|,  not  m.  teasel  rates  .in  m tho  present  experiments 
Vhir.l,  M.it)tulos  |'.t|  loiitul  that  amphct.imino  inoioasos 
dorsal  tapho  soil  stimulation  i.itos.  while  .liloipionia.inc 
decreases  soll  stmiulatum  talos  llo  loinul  that  I*.  I'  \ 
decreases  soil  stimulation  ratos  osoi  tho  lust  houts  post 


.nlmmisliation  .Inline  whi.h  timo  all  monoammo  loots  ate 
docioase.l,  howo.ei,  IV T \ lias  no  oils',  t on  dorsal  tapho 
soil  stimulation  ,u  houts  oi  ihoioattoi  at  whi.h  tune 
calc,  holammc  lewis  li.no  io.osoio.1  hill  soi.'inmn  losols 
lom.nn  .lopivsso.l 

I mm  those  iomiIis  Maipulos  .on.  Iinio.l  that  .loisal  tapin' 
soil  stiimilati.m  n not  mo.liato.l  h\  scmtonin  . onlaimnc 
noumiis  m tho  aioa  ol  the  clc.ito.lcs,  hut  i.iihot  h\ 
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bahly  within  the  ventral  division  of  the  dorsal  longitudinal 
fascicqlus  (l)Lt)  We  think  it  is  unlikely  that  Margulcv' 
results  were  due  to  stimulation  of  the  Dll  sinee  his 
electrode  placements  are  ventral  to  most  I > I I libers  | 1 1> I 
Also,  his  results  indicate  only  that  dorsal  raphe  sell  stimu- 
lation is  mediated  by  a c jtecholamincrgic  transmitter,  his 
experiment  did  not  distinguish  between  norepinephrine  or 
dopamine  as  possible  mediators  However,  his  results 
together  with  ours  do  pose  serious  problems  lot  a sero- 
tonergic hypothesis  ot  periaqueductal  sell  stimulation 

It  is  also  possible  that  ICSS  in  the  mid-ventral  area  is 
mediated  either  solely  by  norepinephrine  or  partially  by 
norepinephrine  It  norepinephrine  i.  the  sole  mediating 
transmitter  substance,  then  it  is  difficult  to  explain  the 
difference  m pharmacological  response  between  DNB  and 


MV  sites.  This  is  particularly  sinking  siikc  the  DNB  seems 
clearly  noradrenergic  Ihe  question  then  anses  as  to  why 
two  sites,  both  mediated  solely  by  noiepincphnne.  show 
diftciential  responding  to  the  same  pharmacologic  al  agents 
Ihe  second  possibility,  that  noiepincphnne  is  involved  in 
and  perhaps  necessary  lor  the  mediation  ol  MX  Il’SS. 
cannot  be  ruled  out  by  the  present  data  In  out  opinion,  the 
present  data  is  best  explained  by  postulating  that  \l\  ICSS 
is  mediated  by  dopamine  Whether  01  not  we  are  correct  in 
this  conclusion,  it  seems  deal  trout  both  out  data  and  those 
of  Phillips  and  I linger  that  the  neurohumoral  siibstiates  of 
MV  periaqueductal.  substantia  nigia.  and  nucleus  ac- 
cunibens  ICSS  may  diller  Horn  the  neurohumoral  sub- 
strates ot  hypothalamic  and  It  ICSS 
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In  .in  etlort  lo  localize  the  cell  bodies  and  pathways  in  the  brain  involved  in  ihe 
mediation  of  intraerani.il  sel  stimulation  ( ICSS)  behavior.  several  studies  have 
investigated  the  effects  ol  electrolytic  brain  lesions  on  1C  SS  response  rates-  • • 1 1 . t . 
1,1  I hcse  studies  were  prompted  by  the  general  In  pothesis  that,  if  there  is  in  fact,  a 
central  nervous  system  i(  NSl  reward  center'  essential  to  all  positive  reinforcement, 
then  the  destruction  ol  such  a center  should  reduce  or  abolish  ICSS1  Some 

experimenters  have  tested  the  effects  ol  electrolytic  lesions  placed  at  the  medial  lore- 
brain  bundle  (Ml  Hi  on  ll  NS  elicited  from  other  sites  throughout  the  limbic  svs- 
tem11-’1.  Others  have  investigated  the  effects  of  lesions  placed  at  different  ICSS  sites 
(i.e  . Ml  H.  hippocampus,  dorsal  and  ventral  tegmentum,  thalamus  and  septum)  on 
Ml  B-lateral  hypothalamic1-1 ,17  and  septal’  1 IC  SS.  Although  these  studies  have 
not  been  in  complete  agreement  as  to  the  effects  of  the  lesions  on  ICSS  and  the 
specific  loci  involved,  by  and  large  most  investigators  have  stated  that  lesions  distant 
Irom  an  ICSS  site  have  little  or  no  long-term  effect  on  ICSS  behavior-  -’1’  -1.  Those 
lesions  that  were  successful  in  attenuating  ICSS  were  for  the  most  part  bilateral  and 
the  magnitude  ol  the  etlect  on  ICSS  depended  on  the  si/e  of  the  lesion  and  its  proximi- 
ty to  the  ICSS  site1  ■ In  addition,  no  specific  site  was  found  w liieli  vv  hen  lesioned  vv ould 
reliably  produce  complete  abolition  111 ’.  A frequent  conclusion  has  been  that  the 
1C  SS  system  is  highly  redundant,  diffuse,  and  capable  of  recovers •’• 11 and  there- 
fore. small  discrete  lesions  should  be  ineffective  in  reducing  ICSS  behavior  from 
distant  sites. 

We  and  others  have  reported  that  a number  of  hindbrain  sites  support  ICSS 
behavior1’  Among  these,  the  locus  eoeruleus  (TO  and  the  sub-coeruleus 

have  been  described  as  nuclei  containing  noradrenergic  (NIT  neurons  tha(  project 
ascending  libers  throughout  the  brain1  l l"-ls--"  '.  meluding  areas  associated  with 
ICSS’-1".  II.  in  addition,  these  hindbrain  structures  were  actively  involved  in  the 
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mediation  of  ICSS  at  the  anterior  sites  that  receive  their  ascending  projections,  then 
the  destruction  of  the  hindbrain  nuclei  should  detrimentally  ailed  ICSS  at  these 
anterior  sites.  To  test  the  above  hypothesis,  we  investigated  the  effects  of  unilateral 
dorsal  pons  lesions  on  hypothalamic  ICSS.  Our  anatomical-behavioral  approach  was 
geared  to  evaluate  the  role  of  dorsal  tegmental  pontine  structures,  i.e.  LC.  in  hypo- 
thalamic ICSS  behavior. 

Male  albino  Sprague  Dawley  rats  (350  500  g)  were  anesthetized  with  a sodium 
pentobarbitol  and  chloral  hydrate  combination  and  implanted,  with  the  use  of  a 
stereotaxic  instrument,  with  bipolar  stainless  steel  electrodes  (0.24  mm  width  between 
the  tips)  that  were  completely  insulated  except  at  the  cross  section  of  their  tips.  This 
procedure  stimulates  more  discrete  areas  than  do  conventional  monopolar  techni- 
ques-’. In  all  rats,  the  electrodes  were  aimed  ipsilaterally  at  the  LC  and  hypothalamic 
areas.  Ten  days  after  surgery,  the  rats  were  trained  to  press  a bar  for  electrical  stimula- 
tion at  both  the  hypothalamic  and  LC  sites.  Stimulation  consisted  of  trains  of  0.25 
sec  duration.  60  Hz  sine  waves  administered  on  a continuous  reinforcement  schedule. 
Intensity  was  manipulated  to  optimize  training.  The  rats'  electrodes  were  isolated 
from  ground  and  stimulation  was  continuously  monitored  on  a differential  input 
cathode  ray  oscilloscope.  Following  this,  hypothalamic  rate-intensity  functions  were 
obtained,  as  described  by  F.llman  et  al  *. 

Subjects  were  tested  from  their  hy  pothalamic  site  at  a minimum  of  6 different 
intensities,  chosen  to  encompass  the  range  of  intensities  over  which  the  subjects  would 
reliably  self-stimulate.  This  procedure  was  employed  before  and  after  lesioning  in 
order  to  evaluate  the  effects,  if  any.  of  the  lesion  at  any  point  of  the  rate-intensity 
functions.  Initially  , daily  trials  were  conducted  until  subjects  stabilized.  Rate-intensity 
functions  collected  over  the  next  4 days  were  considered  as  pre-lesion  baseline.  Follow- 
ing this,  subjects  were  anesthetized  and  unilateral  lesions  were  placed  under  the 
pontine  electrode.  The  lesions  were  produced  by  passing  2 8 mA  anodal  radio- 
frequency ( RF)  current  through  the  electrode  tip  to  an  indifferent  cathode  for  a dura- 
tion of  30  sec.  The  fact  that  ICSS  could  not  be  elicited  again  from  the  LC  electrodes 
following  the  lesion  served  as  a preliminary  confirmation  that  at  least  the  area  directly 
under  the  LC  electrode  had  been  destroyed. 

Following  the  LC  lesion,  the  Ss  were  tested  for  14  days  (post-lesion  baseline). 
If  the  Ss  showed  hypothalamic  ICSS  decrements  or  facilitations  they  were  at  this  time 
'shelved'  for  approximately  one  month  and  then  run  again  for  a 4-day  recovery 
baseline  ( recovery-check  baseline).  This  procedure  was  repeated  at  least  one  more  time. 
If  the  lesion  did  not  affect  hypothalamic  ICSS  w ithin  the  14-day  post-lesion  baseline, 
the  Ss  were  relesioncd  at  the  pontine  site  at  a higher  voltage  and  retested  for  14  days. 
If  no  effects  resulted  from  the  lesion,  the  animal  was  then  sacrificed.  In  any  event,  all 
Ss  not  affected  by  the  lesion  were  tested  for  at  least  (4  days  after  the  lesion.  This  deci- 
sion was  based  on  the  fact  that  the  time  course  of  possible  liber  degeneration  or  neuro- 
humoral  transmitter  depletion  is  a maximum  of  12  days20,42.  Those  animals  with 
ICSS  alterations  following  the  lesion  were  repeatedly  tested  2-3  months  after  the 
lesion,  thus  allowing  ample  time  for  recovery  to  occur. 

After  completion  of  the  ICSS  paradigm,  the  animals  were  injected  with  an 


I rg.  I Photomicrographs  of  pontine  coronal  •sections  shoeing  the  extent  of  lesion  in  one  rat.  locus 
cocruleus  has  been  unilateral^  de>tro>eJ  b>  Kl  coagulation.  K NS  from  I orel  lield  II  in  this  rat 
was  drasticallx  reduced  after  lesion. 


overdose  of  sodium  pentoharbitol  and  perfused  via  an  imracardiae  needle  with  0.9  ", 
normal  saline  solution  followed  by  10",,  formalin  solution.  The  brains  were  then  re- 
moved from  the  crania  and  kept  in  10  formalin  for  at  least  3 days.  I ro/en  coronal 
sections.  40  um  thick  were  stained  with  I u\ol  last  blue  and  cresvl  violet,  according  to 
the  method  of  K.liiver  and  Barrera1-.  The  stained  brain  sections  were  evamined  under 
the  microscope.  The  electrode  locus  and  si/e  of  lesions  were  evaluated  by  two  judges 
who  were  not  aware  of  the  1 C SS  results  corresponding  to  the  brain  sections.  ICSS 
placements  were  classified  in  terms  of  the  neuroanatomical  sites  under  the  tip  of  the 
IC  SS  electrode  as  described  in  Craigte  s . and  Koine  and  klippel's1:i  atlases,  and 
compared  to  L.indvall  and  Biorklund'  .and  l ngerstedtV- description  of  the  tnono- 
aminergic  nuclei  and  pathways.  The  extent  of  the  lesions  under  the  pontine  electrodes 
were  assessed  in  terms  of  the  percentage  destruction  of  the  involved  structures  as 
described  in  neuroanatomical  maps1-'-- 1 and  on  the  basis  of  descriptions  and  observa- 
tions made  in  histofluorescence  studies' 

As  evaluated  by  the  judges,  the  lesions  unilaterally  destroyed  90  100",,  of  the 
LC  in  all  14  Ss  included  in  the  results  (Tig.  1 1.  In  addition.  30  100"  of  the  area  con- 
taining the  ascending  libers  stemming  from  the  LC.  as  described  by  the  histofluorese- 
enee  studies' 1 . t . i s .ee  vv as  destroyed  by  the  lesion,  as  well  as  20  100",,  of  the  nuclei 
of  the  mesencephalic  V located  at  the  level  of  the  I C.  In  those  Ss  (N  3)  with  more 
extensive  destruction.  40  100  of  the  dorsal  tegmental  nucleus  w as  a Heeled  by  the  lesion. 
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The  hypothalamic  ICSS  electrodes  were  located  in  4 distinct  hypothalamic 
areas:  5 of  the  electrodes  terminated  along  the  MFB  at  various  levels  of  the  hypo- 
thalamus (Fig.  2A):  two  other  ICSS  electrodes  were  located  in  the  perifornical  area: 

3 other  electrode  tips  impinged  upon  the  crus  cerebri-internal  capsule  (Fig.  2B).  and 

4 were  in  the  Ford  field  He.  dorsal  to  the  hypothalamus  (Fig.  2C). 

ICSS  behavior  in  these  4 groups  was  differentially  affected  by  the  unilateral 
lesion.  In  those  Ss  with  electrodes  in  the  crus  cerebri-internal  capsule  area  (N  3)  or 
the  Forel  field  Hi  ( N 4),  the  lesion  resulted  in  either  complete  abolition  of  ICSS  or 
a significant  reduction  of  response  rates  (/-test.  P 0.05).  accompanied  by  an  in- 
crease of  the  ICSS  threshold  (Fig.  3A).  The  average  ICSS  reduction  of  the  crus 
cerebri-internal  capsule  croup,  across  all  intensities  during  the  14-day  post-lesion 
baseline,  was  69  91  °0  of  pre-lesion  rales.  The  Forel  field  group  as  a whole  aver- 
aged a 29-80"  reduction  in  ICSS  response  rates  follow  ing  the  lesion.  These  ICSS  de- 
crements were  observed  up  to  3 months  after  the  lesion.  In  addition,  the  increase  of 
current  during  t le  post-lesion  runs  did  not  elevate  response  rates  to  pre-lesion  levels 
(Fig.  3A).  Subsequent  to  pontine  lesions,  rats  with  electrodes  in  the  perifornical  area 
(N  2)  and  3 of  the  5 Ss  with  ICSS  electrodes  impinging  along  the  MFB  did  not 
show  any  drastic  or  sustained  long-term  changes  in  either  ICSS  response  rates  or 
ICSS  thresholds.  These  alterations  did  not  approach  statistical  significance.  In  fact, 
the  ICSS  response  rates  of  the  remaining  2 Ss  with  MFB  localized  electrodes  were 
facilitated  following  the  lesion.  This  elevation  of  response  rates  (up  to  297  ",,  of  pre- 
lesion levels)  remained  over  a period  of  up  to  2 months  after  the  lesion  (Fig.  3B). 

The  unilateral  lesions  did  not  result  in  weight  losses  in  any  of  the  Ss  nor  were 
there  any  behavioral  deficits  observed.  Thus,  the  obtained  results  did  not  appear  to  be 
artifactual  nor  due  to  non-specific  side  effects. 

As  previously  described,  all  lesions  destroyed  80-100 of  the  LC.  However, 
the  extent  of  adventitious  damage  incurred  on  adjacent  areas  varied  across  Ss.  Yet. 
the  extent  of  the  lesions  of  structures  outside  the  LC  does  not  significantly  correlate 
with  the  magnitude  of  the  effect  on  hypothalamic  ICSS  (Pearson  Product  Moment 
correlation).  Small  pontine  lesions  that  were  limited  primarily  to  the  LC.  with  minimal 
impingement  on  adjacent  sites,  differentially  affected  hypothalamic  ICSS.  The  same 
pattern  of  differential  effects  was  observed  in  those  cases  w here  the  damage  caused  by 
the  lesion  suffused  into  adjacent  areas.  Thus,  the  effect  of  the  lesion  on  behavior,  be  it 
a drastic  reduction  or  facilitation  of  iCSS  (i.e.,  reduction  in  crus  cerebri-internal 
capsule  and  Forel  field  H > ICSS:  facilitation  or  no  effect  on  MFB  ICSS).  seemed  to  be 
determined  by  the  placement  of  the  ICSS  electrode  in  the  hypothalamus  and  not  by 
the  spread  of  the  lesion  outside  the  LC. 

Though  the  interpretation  is  partially  limited  by  the  fact  that  all  lesions  are  not 
exactly  the  same,  it  seems  to  us  that  a likely  candidate  for  the  role  of  ICSS  mediator 
in  some  hypothalamic  areas  is  the  nucleus  LC.  We  cannot  discount  the  possibility 
that  other  adjacent  areas  are  involved  in  this  mediation  or  that,  more  likely,  areas 
within  the  LC  complex  that  send  distinct  ascending  pathways,  as  described  by  a 
number  of  histofluorescence  studies,  may  assume  different  roles  in  the  mediation  of 
ICSS.  We  are  however,  impressed  by  the  finding  that  similar  lesions  result  in  effects 
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Rats  were  trained  both  to  barpress  for  and  escape  from  locus  coerulcus,  midbrain  periaqueductal  gray  and  hypo- 
thalamic stimulation.  Rate-intensity  functions  for  intracranial  self-stimulation  (1CSS)  and  behavior  and  latency- 
intensity  functions  for  escape  behavior  were  obtained  for  each  electrode  sue  in  each  animal.  Following  baseline, 
d-amphetamine  was  administered  and  responding  was  compared  with  the  saline  condition  for  both  rate-intensity 
and  latency-intensity  functions.  ICSS  response  rates  were  enhanced  by  d-amphetamine  at  all  loci,  particularly  at 
threshold  intensities,  while  escape  responding  was  bipliasically  alfected  by  d-amphetamine  at  all  loci.  D-ainphet- 
amine  increased  escape  latencies  at  intensities  which,  under  saline,  elicited  short  escape  latencies,  while  deci  easing 
escape  latencies  at  intensities  which,  under  saline,  elicited  long  escape  latencies.  A significant  correspondence  was 
noted  between  intensities  which,  under  the  influence  of  d-amphetamine,  both  elicited  longer  escape  latencies  and 
higher  ICSS  response  rates,  suggesting  that  in  both  ICSS  and  escape  paradigms,  animals  were  titrating  the  duration 
of  the  stimulus  train.  No  site-specific  effects  of  d-amphetanune  upon  escape  behavior  were  noted 


Numerous  investigators  have  reported  that  animals 
will  work  both  to  receive  electrical  brain  stimulation 
(ESB)  and  to  escape  from  ESB  delivered  at  similar 
parameters  in  the  same  animal  to  the  same  neuro- 
anatomical  site  (Bowie  and  Miller,  1958;  Cooper 
and  Taylor,  1967;  Liebman,  Mayer  and  Liebeskind, 
1973;  Steiner,  Beer  and  Schaeffer,  1969;  Steiner. 
Bodnar,  Ackermann  and  Ellman,  1973;  Ellnian, 
Ackermann,  Bodnar,  Jackler  and  Steiner,  1975; 
Beer  and  Steiner,  1965;  Steiner  and  D’ Amato, 
1964).  D-amphetamine,  a pharmacological  agent 
with  potent  influences  on  catecholaminergic  trans- 
mission (Stein  and  Wise,  1969)  has  been  shown  to 
lower  intracranial  self-stimulation  (ICSS)  thresholds 
and  to  increase  ICSS  response  rates  (Miller,  1957; 
Stein,  1964;  Steiner  and  Stokely,  1973).  However, 
there  have  been  few  studies  (Kornblith  and  Hoebel, 
1974)  investigating  the  effects  of  d-amphetamine 
upon  escape  behavior  elicited  by  passive  electrical 
stimulation  of  ICSS  sites.  The  present  study  sys- 
tematically investigated  the  effects  of  d-amphet- 
amine upon  both  ICSS  behavior  and  escape  beha- 
vior elicited  front  the  same  site.  The  sites  tested. 


t Supported  by  U.S.  Army  Contract  No.  DADA  17-13- 
C-J072. 

ft  Send  reprint  requests  to  Dr.  S.  S.  Steiner.  Dept,  of 
Psychology,  Harris  Hall.  City  College  of  N.Y.,  1 38  St  and 
Amsterdam  Ave.,  New  York.  N.Y.  10031. 


which  elicited  both  ICSS  and  escape  behavior, 
were  the  locus  coeruleus  (LC),  midbrain  periaque- 
ductal grey  (MPG)  and  a variety  of  hypothalamic 
sites. 

METHOD 

Eight  male  albino  Holtzman  Sprague-Dawlev  rats, 
(375-500  gm)  were  anesthetized  with  Equnhesin 
(Jensen;  1 rnl/kg),  placed  in  a Kopf  stereotaxic 
instrument  and  implanted  with  two  pairs  of  stainless 
steel  bipolar  electrodes  (Plastic  Products)  which 
were  0.25  mm  at  their  widest  extent  and  completely 
insulated  except  at  their  tips.  In  four  animals,  one- 
pair  of  bipolar  electrodes  was  aimed  at  the  hypo- 
thalamus, while  the  other  was  aimed  at  the  MPG. 
The  remaining  four  animals  had  electrodes  aimed 
at  the  hypothalamus  and  the  LC.  With  the  incisor 
bar  at  ~5  mm,  coordinates  were  4. 2-4.4  mm 
posterior  to  bregma.  1.5  mm  lateral  to  the  sagittal 
suture,  and  8.7  mm  from  the  top  of  the  skull  for 
hypothalamic  sites,  1 .5-2.0  nun  posterior  to  lambda, 
1.0  mm  lateral  to  the  sagittal  suture,  and  7.0  mm 
from  the  top  of  the  skull  for  the  LC ; and  0.6  mm 
anterior  to  lambda.  1.3  mm  lateral  to  the  sagittal 
suture,  and  6.8  mm  from  the  top  of  the  skull  and 
angled  12°  toward  the  midsagittal  plane  for  the 
MPG. 

Ten  days  after  recovery  from  surgery,  each 
animal  was  shaped  to  barpress  in  an  operant  con- 
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ditiomng  chamber  (sec  Ellntan  it  a/.,  1975  for 
dimensions)  on  u continuous  reinforcement  sche- 
dule. Reinforcements  consisted  of  250  msec  trains 
of  sinusoidal  60  Hz  waves  passed  between  the 
bipolar  electrodes.  Current  was  continuously  moni- 
tored by  observing  the  voltage  drop  across  a IWX)- 
ohm  I % resistor  in  series  with  the  animal  on  a 
differential  input  cathode  ray  oscilloscope  ( Hewlett- 
Packard).  Animals  were  shaped  for  a minimum  of 
15  successive  daily  sessions  at  a variety  of  current 
intensities  in  each  site;  animals  which  self-stimulated 
in  both  sites  continued  in  testing. 

Rate  intensity  (RI)  functions  were  derived  in  the 
following  manner:  each  day,  each  animal  was 
allowed  to  self-stimulate  throughout  a 42-min 
session  which  was  divided  into  six  7-min  periods 
separated  by  one-nun  timeouts.  Data  collected 
during  the  first  2 min  of  each  7-min  period  were 
disregarded;  the  mean  response  rate  over  the  last 
5 min  was  recorded  and  constituted  the  dependent 
variable.  During  the  first  7-min  period,  stimulation 
intensity  was  sutlicienily  low  so  that  the  animal's 
mean  response  rate  over  the  last  5 min  of  the  period 
was  below  an  arbitrarily  defined  threshold  of  about 
ten  responses  per  min.  The  fifth  intensity  sustained 
ICSS  behavior  at  rates  which  approached  or 
reached  the  animal's  highest  response  rates.  The 
second,  third,  and  fourth  intensities  yielded  TCSS 
response  rates.  During  the  last  7-min  period  of 
each  session,  responding  yielded  no  stimulation 
(extinction).  Baseline  Rl  functions  over  five  days 
were  taken  for  both  electrode  sites  in  each  animal. 
The  RI  functions  of  each  animal's  two  electrode 
sites  were  then  interdigitated;  i.e.,  delivery  of  the 
current  was  alternated  between  the  two  sites  in  an 
ABBAABBAABBA  sequence,  beginning  with  the 
posterior  (LC  or  MPG)  electrode  site.  The  purpose 
of  this  procedure  was  to  insure  that  both  electrode 
sites  would  be  tested  equally  at  approximately  the 
same  time  and  under  similar  conditions. 

Animals  were  then  trained  to  escape  from  passive 
electrical  brain  stimulation  in  an  operant  chamber 
similar  in  size  to  the  RI  chamber  with  the  following 
exception:  in  place  of  a retractable  lever,  a larger 
treadle  was  permanently  inserted  on  the  opposite 
wall.  The  onset  of  a stream  of  electrical  trains  (60 
cyclcs/sec  sine,  500  msec  duration,  500  msec  inter- 
train  interval)  delivered  through  one  of  the  animal's 
two  electrode  sites  marked  the  beginning  of  the 
first  trial.  Stimulation  continued  until  either  the  rat 
depressed  the  treadle  or  101  trains  had  been  de- 
livered. Either  contingency  constituted  a single 
trial.  After  a 15-sec  intertrial  interval,  the  stimula- 


tion was  automatically  reinitiated  and  the  procedure 
icpeatcd  successively  until  a block  of  ten  trials  was 
run.  The  animals  were  trained  to  make  a treadle- 
press  response  to  terminate  stimulation;  all  other 
responses  were  actively  inhibited  by  the  experi- 
menter. All  eight  animals  learned  the  appropriate 
treadle-press  response  for  both  sites  in  each  animal. 

The  animals  were  then  tested  at  relatively  high 
and  low  intensities  (5  210  i/i)  to  find  ranges  of 
escape  latencies.  For  each  site,  six  intensities  pre- 
sented in  descending  order  were  chosen  to  deter- 
mine a latency  intensity  (LI)  function.  At  high 
intensities,  animals  often  had  to  overcome  stimulus- 
induced  motor  involvement  in  order  to  make  the 
appropriate  response;  this  constituted  the  first 
stimulus  intensity  for  the  paradigm.  This  intensity 
also  had  to  sustain  at  least  threshold  responding  in 
the  self-stimulation  paradigm.  The  next  three  lower 
intensities  chosen  were  those  front  which  the  animal 
could  escape  reliably,  that  is,  intensities  which 
consistently  elicited  escape  behavior  but  did  not 
evoke  any  obvious  involuntary  movement.  The 
fifth  intensity  was  one  which  evoked  variable 
response-latencies  across  days,  whereas  the  sixth 
intensity  was  deliberately  chosen  to  be  below  the 
threshold  for  eliciting  escape  responses. 

The  within-duy  escape  procedure  consisted  of  SO 
trials;  the  first  10  and  the  last  10  trials  were  control 
trials  run  at  zero  intensity.  Between  the  first  and 
last  blocks  of  trials  the  six  chosen  intensities  were 
tested,  10  trials  per  intensity.  For  each  site  in  each 
animal,  baseline  LI  functions  were  taken  over  5 
days.  Half  of  the  animals  had  the  posterior  electrode 
placement  tested  first,  followed  by  the  hypothalamic 
site,  while  the  other  half  had  the  hypothalamic  site 
tested  first. 

After  stable  Rl  and  LI  functions  were  established 
for  both  its  sites,  each  animal  entered  two  drug 
paradigms:  the  first  tested  the  cllects  of  d-amphet- 
amine  upon  Rl  functions,  and  the  second  tested 
the  drug's  effect  upon  I 1 functions.  Drug  effects 
were  tested  in  3-day  sequences.  Days  I and  3 of 
each  3-day  sequence  served  as  pre-  and  postdrug 
saline  controls  respectively.  On  those  days,  only 
saline  solution  (1  ml  kg.  IP)  was  injected  30  min 
before  the  testing  sessions.  On  the  second  day  of 
each  3 day  sequence,  animals  were  injected  30  min 
before  the  testing  session  with  d-antphetaitiine  sul- 
fate (Smith,  Kline  and  French;  I mg  ml  kg  in 
saline,  IP).  Rl  functions  were  tested  in  three  3-day 
sequences  and  LI  functions  were  tested  in  live  3- 
day  sequences.  All  comparisons  were  made  between 
drug  days  (Day  2)  and  predrug  saline  days  (Day  1). 
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Daui  from  postdrug  saline  days  (Day  3)  were  dis- 
regarded to  exclude  any  drug  carryover  effects. 

After  completion  of  the  experiment,  each  animal 
was  injected  with  an  overdose  of  Fquithcsin  and 
perfused  with  0.9%  normal  saline  solution,  followed 
by  a 10%  formalin  solution.  Frozen  serial  sections 
were  then  cut,  mounted,  and  stained  with  luxol  fast 
blue  and  cresyl  violet.  Electrode  locus  was  deter- 
mined by  microscopic  examination  of  the  sections 


RESULTS 

All  8 animals  both  escaped  and  self-stimulated  from 
both  electrode  sites.  All  hypothalamic  placements 
were  located  at  or  near  either  the  fornix  or  medial 
forebrain  bundle,  with  the  exception  of  one  animal 
whose  electriule  placement  was  in  the  glohus  pal- 
lidus.  All  LC'  implants  were  located  in  the  dorsal 
noradrenergic  bundle.  MPG  placements  were  loca- 
ted at  the  dorsal  longitudinal  fasiculus,  the  oculo- 
motor nucleus,  or  the  nucleus  Darkschewisch. 

RJ  /unctions 

In  all  16  electrode  sites  of  the  8 animals  in  this 
experiment,  there  was  a significant  increase  in  IC'SS 
response  rate  under  d-amphetamine  as  compared 
to  saline  baseline  at  all  current  intensities  (/-tests, 
p<[0.05).  All  sites  were  equally  sensitive  to  the 
facilitatory  effects  of  d-amphetamine.  In  order 
graphically  to  represent  the  data  across  sites,  across 
subjects,  saline  1CSS  response  rates  were  grouped 
into  6 categories:  0 10  responses  min;  10  20  re- 
sponses/min;  20-30  responses/min;  30  40  responses 
/min;  40-50  responses/min  and  50  or  more  re- 
sponses/min. For  each  category,  the  mean  response 
rates  of  d-amphetamine  were  calculated  and  ex- 
pressed as  a multiple  of  the  mean  response  rates 
under  saline  at  the  same  site  and  at  the  same 
intensity.  Figure  l shows  that  d-amphetamine 
enhances  responding  at  all  groups,  most  notably  at 
the  threshold  (0-10  responses/min)  group 

L / functions 

The  effects  of  d-amphetamine  on  escape  responding 
were  studied  in  a similar  manner  since  there  were 
no  differences  across  sites  in  the  effects  of  d- 
amphetamine  on  LI  functions.  Mean  escape  laten- 
cies under  saline  were  also  grouped  into  (>  categories : 
0-10  sec;  10-20  sec;  20  30  sec;  30  40  sec;  40  50 
see  and  50  or  more  sec.  Figure  2 displays  the  multi- 


plicative effect  of  d-ainphclaminc  over  saline  base- 
line for  each  category.  At  intensities  which  sup- 
ported escape  latencies  of  0 10  sec  under  saline, 
latencies  are  significantly  increased  under  d- 
amphetaimne  (/-test,  />  0.03).  At  intensities  which 
supported  escape  latencies  of  10  20  sec  or  20  30 
sec  under  saline,  latencies  are  neither  increased  nor 
decreased  under  d-amphetamine  (/-test,  /i  .0.05) 
At  intensities  which  supported  escape  latencies  of 
30-40  sec  or  40  50  sec  or  above  50  sec  under  saline, 
latencies  are  significantly  decreased  under  d- 
amphetamine  (/-test.  /»■  0.05).  The  latter  inten- 
sities were  below  IC'SS  threshold  intensities.  At  zero 
intensity,  there  was  no  significant  difference  (/-test. 
/>-s0.05)  in  escape  behavior  between  the  saline  and 
d-amphetamine  conditions;  therefore,  the  effects 


K1CURI-  I Proportional  comparison  of  I mg  of  d-amphet- 
aminc  Lg  of  hixlv  weight  upon  ratc-mlrnsilv  functions  in 
LC,  MPG  aiul  hypothalamic  sites.  Saline  baseline  is  at  100“,, 
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seen  in  escu|>e  latency  categories  of  30  sec  or  more 
cannot  be  attributed  to  non-specific  increases  in 
locomotor  activity  under  d-amphetamine. 

To  summarize,  d-amphctamine  increased  escape 
latencies  at  intensities  which,  under  saline,  elicited 
short  (0-10  sec)  escape  latencies.  In  contrast,  d- 
amphetamine  decreases  escape  latencies  at  inten- 
sities which,  under  saline,  elicited  long  (30  50  • 
sec)  latencies  On  the  other  hand,  for  ICSS  behavior, 
d-amphetamine  had  its  greatest  facilitatory  effect 
at  threshold  (0  10  responses/ min).  In  all  sites, 
there  was  an  overlap  in  the  intensities  which,  under 
saline,  elicited  both  short  escape  responding  and 
low  1CSS  response  rates.  At  these  overlapping 
intensities,  d-amphetamine  increased  both  escape 
latency  and  ICSS  response  rates  (Fisher  Exact  Test, 
/><0.001).  Tn  other  words,  the  very  same  intensities 
which  under  the  influence  of  d-amphetamine  eli- 
cited longer  escape  latencies,  supported  ICSS  re- 
sponse rates  which  were  significantly  enhanced 
under  d-amphetaminc. 


DISCUSSION 

All  sites  in  all  animals  demonstrated  differential, 
yet  consistent  ICSS  and  escape  behaviors  under 
baseline  and  drug  conditions;  this  consistency  in 
responding  within  a given  condition  has  been 
reported  previously  (Bower  and  Miller,  I95S; 
Steiner  et  a!.,  1969.  Steiner  and  D'Amato,  1964; 
Steiner  et  al.,  1973;  Ellman  ct  al.,  1475).  Thus,  any 
effect  seen  can  be  attributed  to  the  drug  and  not  to 
any  non-specific  artifact  such  as  a disruption  in 
behavior  due  to  the  initial  novelty  of  the  drug 
condition.  As  described  previously,  there  seems  to 
be  a lack  of  specificity  between  sites  in  both  escape 
and  ICSS  behavior.  All  sites  in  this  study  responded 
similarly  for  RI  functions  under  d-amphetamine  as 
compared  to  saline,  that  is.  ICSS  rates  were  higher 
under  d-amphetamine  at  intensities  which  sup- 
ported threshold  or  just  above  threshold  rates  under 
saline.  This  agrees  with  previous  findings  for  these 
loci  (Steiner  and  D'Amato.  1964;  Ritter  and  Stein, 
1973;  Steiner  and  Stokely,  1973;  Phillips  and  Fibi- 
ger,  1973;  Phillips,  Brooke  and  Fibiger.  1475;  Fll- 
man  et  al.,  1975;  Ellman.  Ackermann,  Bodnar, 
Jackler  and  Steiner,  1976).  All  sites  in  this  study 
produced  similar  LI  functions  in  the  baseline  con- 
dition as  described  previously  (Ellman  ct  al.,  1975). 
This  study  failed  to  find  any  systematic  differences 
in  escape  latencies  under  d-amphetamine  that  could 
be  attributed  to  neuroanatomical  locus. 


Two  striking  results  were  seen  in  the  escape  func- 
tions under  d-amphctamine  as  compared  to  saline 
baseline.  First,  there  was  a significant  correspon- 
dence between  intensities  which  under  the  influence 
of  d-amphetamine  both  elicited  longer  escape 
latencies  and  higher  ICSS  response  rates.  At  first 
glance,  it  may  seem  that  ICSS  and  escape  are 
divergent  classes  of  responses,  but  as  this  study 
demonstrates,  both  responses  act  in  a similar 
manner  under  d-amphetamine  In  short,  the  animal 
takes  more  stimulation  at  common  intensities.  This 
result  could  be  explained  by  titration  studies 
(Steiner,  et  al.,  1969;  Keesey,  1962,  1964;  Steiner 
and  D’Amato,  1964)  in  which  selection  of  preferred 
parameters  of  stimulation  was  demonstrated  by 
systematic  variation  of  parameters  and  preference 
determined  by  various  response  contingencies  in- 
cluding operant  barpressing  and  escape  behavior. 
The  consistency  of  the  results  between  these  two 
classes  of  responses  suggests  that  the  animal  is  not 
escaping  from  the  stimulation  per  se,  but  merely 
Titrating”  the  amount  of  stimulation  by  the  only 
means  possible  in  the  escape  response  contingency, 
that  is,  terminating  the  stimulation  by  an  appro- 
priate response 

The  second  significant  result  was  the  shorter 
latency  to  escape  under  d-amphetamine  for  inten- 
sities that  were  well  below  ICSS  thresholds.  These 
shorter  escape  latencies  under  d-amphetamine 
might  be  explained  by  data  (Fibiger,  Fibiger  and 
Zis,  1973;  Taylor  and  Snyder.  1970)  indicating  that 
d-amphetamine  increases  nonspecific  locomotor 
activity.  However,  the  fact  that  at  zero  intensity, 
there  was  no  difference  in  escape  latencies  between 
the  d-amphctamine  and  saline  conditions  shows 
that  d-amphetamine  did  not  cause  a nonspecific 
increase  in  the  operant  (treadle-press)  rate.  Steiner 
and  D’Amato  (|4o4)  reported  similar  results  for 
non-pharmaeologieal  manipulation  of  amygdaloid 
stimulation-induced  escape;  animals  escaped  faster 
for  low  intensities  which  did  not  sustain  ICSS,  than 
at  higher  intensities  which  did  sustain  ICSS  beha- 
vior. Possible  explanations  of  these  results  are  that 
d-amphetaminc  increases  the  sensitivity  of  an  aver- 
sive and  or  an  inhibitory  system.  The  elucidation 
of  these  possible  mechanisms  is  beyond  the  scope 
of  this  study,  but  merits  further  examination 

Summary 

l.C,  MPG  and  hypothalamic  sites  reacted  similarly 
in  baseline  and  drug  conditions  in  both  ICSS  and 
escape  paradigms;  no  distinctions  in  functions 
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could  be  attributed  to  electrode  locus.  A significant 
correspondence  was  noted  between  intensities 
which,  under  the  influence  of  d-amphetaininc,  both 
elicited  longer  escape  latencies  and  higher  It  SS 
response  rates,  suggesting  that  in  both  less  and 
escape  paradigms,  animals  were  titrating  the  dura- 
tion of  the  stimulus  train  At  low  intensities,  escape 
latencies  under  d-amphetumine  were  shorter  than 
under  saline;  these  results  can  not  be  attributed  to 
nonspecific  drug  etVects 
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ilursal  luairi  *.ii*m  lilios  i ■ill  I . in  - support  intrarranial  self  slinuila 
1 inn  . * ,|,  ! In  am  sit  m atul  lo  p. .llialaiui.*  self  si  iniulat  inn  sii.  > reliably 
prmlui-ol  ■ * .,..*  I *.*)ia \ * inuliai stimulation  .*1  ilursal  lirain 


slum  ami  hypothalami'  .iin  at  snlith 
dilce  supratlir.-shnl.)  response  iaii*s 

III  recent  years,  s vi  tal  experiments 
( row.  S|M*ar,  A Mbuthnott.  I *. »7 . I liman. 
\ckcrmann.  I arbet.  Mailiao  . A Sterner. 
11473;  I a:  I ter,  Steiner,  A I liman.  I!)7I ; 

V I argitles,  | !*«•!» . Hitter  A Stein.  I‘.t~  I 
Kouttenberg  A Malslmry.  I!*ii!)  were  pet- 
formed  tn  iletertnine  if  intrarranial  sell' 
stimulation  behavior  e.nil.l  In*  elieitol  from 
areas  in  tin*  posterior  midbrain  atul  pons 
(previously  ealletl  ilmsal  brain  stem  I >\  I 'll 
man  et  al.,  IdTd  Mt  hough  there  is  agree- 
ment that  areas  in  the  ilursal  lirain  stem  will 
yield  sell'  'I  iniulat  ion.  there  is  disagreement 
about  the  rates  of  self  stimulation  obtained 
from  dorsal  brain  stem  sites  Sueli  disagree- 
ment may  lie  due  to  the  fact  that  few  studies 
parametrieally  varied  intensity  values  to 
determine  the  range  of  intrarranial  self- 
stimulation response  rates  obtained  from 
dorsal  brain  stem  areas.  There  is  also  dis 
agreement  about  whieh  st  run  tires  mediate 
dorsal  brain  stem  self  st  iniulat  ion  This  is  not 
surprising,  sinee  the  eross -sectional  area  of 
elect  rodes  used  in  self-st  iniulat  ion  studies  are 
frequently  larger  than  t heir  ucuroanatomica! 
targets,  t ’learly  t his  allow  ' for  ditVering  inter 
pretations  in  specify  ing  which  liber  tracts  or 

’Dus  research  was  suppnrteil  In  (.rant 
Ml)  t sorts  from  the  Natietia)  Institute  "I  Mental 
Health 

1 bequests  for  reprints  shnuhl  In*  sent  tn  Steven 
■1  Llllnan.  I teparl inent  of  I'sv  i-holngy  . t'ltv  t H) 
lege  nf  tin*  (’itv  t mversilv  nf  New  V irk  New 
York.  N \ UMKll 


resli.ild  intensities  interacted  tn  pro 


nu.  h at  groups  have  been  stimulated  lienee, 
it  i'  understandable  that  Kouttenberg  and 
Malslmry  IlMi'.i  . Kllman  et  al.  1 1 • 7 - > . t row 
et  al  I'.lTJ  . and  Hitter  and  Stein  tllCd 
i mild  all  have  electrode  placements  in  ap- 
proximately the  same  area,  yet  attribute 
self  stimulation  behavior  to  different  struc- 
tures. 

Tor  example.  Koultcnbcrg  and  Malslmry 
1 1 *. M if i maintain  that  the  braehium  eon 
junetivum  is  a structure  that  supports  self- 
stimulation  They  have  presented  the  hy 
pothesis  that  the  exlrapy  ramidal  system 
(with  the  red  nucleus  as  the  central  com- 
ponent mediates  self-stimulation  in  dorsal 
brain  stem  areas;  so  it  is  not  surprising  that 
they  concluded  that  the  braehium  eonjune- 
tivum  is  a self-stimulation  site. 

( >n  the  other  hand.  Crow  et  al  I'.IT'J  and 
Kllman  and  his  co-workers  titl'd1  attribute 
self  stimulation  behavior  in  this  area  to  the 
locus  eoeruleus.  Thus,  the  neural  systems 
which  they  postulate  a'  subserving  self- 
stimulation  are  those  to  which  the  hums  eo- 
eruleus projects.  Since  Maeda  and  Slumi/ti 
(1117-'  and  Olson  and  l uxe  flt)7'_‘  have 
shown  that  the  locus  roeruleus  has  far  reach- 
ing project iotis,  some  of  vv Inch  ascend  to,  and 
terminate  in.  the  hypothalamus,  Kllman 
et  al.  y 1 1 *70  suggested  that  self-stimulation 
in  the  area  of  the  locus  eoeruleus  is  inti 
mutely  related  to  hypothalamic  self  stimu- 
lation. 
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W'*  do  nut  think  that  the  present  paper 
e< inclusively  demonstrates  which  structures 
mediate  self-stimulation  in  dorsal  brain  stem 
areas.  Rather,  wo  compared  behaviors  elic- 
ited from  dorsal  brain  stem  and  hypotha- 
lamic sites.  Data  from  this  type  of  compari- 
son may  be  important  in  differentiating 
between  hypotheses  attempting  to  specify 
which  structures  mediate  dorsal  brain  stem 
self-st imulation  behavior. 

Specifically,  the  present  paper  compares 
dorsal  brain  stem  and  hypothalamic  sites 
with  respect  to  4 electrical  brain  stimulation 
phenomena:  (a  i intracranial  self-stimulation 
rate  intensity  functions;  (l>)  the  effects  of 
'/-  and  /-amphetamine  upon  intracranial 
self-stimulation  rate  intensity  functions; 
(c  escape  latency  intensity  functions;  and 
<'/ ) simultaneous  stimulation  of  hypotha- 
lamic and  dorsal  brain  stem  self-stimulation 
sites. 

Ex  1*  KKI  ME  NT  1 

In  this  experiment,  intracranial  self-stim- 
ulation response  rates  were  ascertained  in 
both  dorsal  brain  stem  and  hypothalamic 
sites.  Several  (at  least  5)  intensities  of  current 
were  employed  at  both  sites  to  avoid  the 
possibility  that  any  single  arbitrarily  chosen 
intensity  might  be  either  too  low  or  too  high 
to  sustain  reliable  self-stimulation  behavior. 
Routtenberg  and  Malsbury  (lt)OU)  main- 
tained that  highest  rates  of  self-stimulation 
are  found  only  in  ventral  anterior  midbrain 
sites.  We  hypothesized  that  very  high  rates 
in  posterior  midbrain  and  anterior  pons 
sites  were  not  obtained  by  Routtenberg  and 
Malsbury  because*  subjects  were  not  tested 
over  a wide  range  of  current  intensities.  We 
felt  that  a more  complete  picture  of  self- 
stimulation  in  the  dorsal  brain  stem  eould 
be  obtained  if  it  were  compared  with  hy- 
pothalamic self-stimulation  over  at  least 
.5  intensities. 

Method 

Eighteen  male  albino  Hciltzman  Sprague- 1 Jaw- 
ley  rats  (37.5-500  gin.)  were  anesthetized  with 
Equi-Thesin  (Jensen)  and  stereotaxically  (Kopf) 
implanted  with  2 bipolar  electrodes,  each  electrode 
made  of  2 intertwined  strands  of  stainless  steel 
wire  (.3-inm.-diam.)  completely  insulated  except 
at  the  tips.  Electrodes  were  fastened  to  the  skull 
with  dental  cement,  which  was  anchored  to  the 


skull  hy  means  of  2 stainless  steel  screw.-.  In  each 
subject,  electrodes  were  aimed  at  the  hypothala- 
mus and  the  dorsal  brain  stein  in  the  area  of  the 
locus  eocruleus.  The  incisor  bar  was  set  at  - .5  mm. 

Hypothalamic  coordinates  were:  (.«;  42-4.4 
mm  posterior  to  bregma,  (b)  1.5  mm  lateral  to  the 
sagittal  suture,  and  (ri  8.7  nun.  from  t he  top  of  t he 
skull  at  the  intersection  of  coordinates  a and  b 
Dorsal  brain  stem  coordinates  were:  (n  i 1. 5-2.0 
mm.  posterior  to  lambda,  (h  10  mm.  lateral  t « * a 
line  extrapolated  from  the  sagittal  suture,  and 
(<  i 7.0  mm  from  the  top  of  the  skull  at  tin*  inter- 
section of  coordinates  a and  b. 

After  recovery  from  surgerv  (10  days  . each 
subject  was  placed  in  an  operant  conditioning 
chamber  and  shaped  to  bar  press  by  the  method 
of  successive  approximations.  The  chamber,  eon 
structed  <«f  Plexiglas  and  stainless  steel,  was  20  / 
20  / 22  cm.  A 4-  X 2 cm.  retractable  lever  was  lo- 
cated 4 cm.  above  the  grid  floor  on  1 w 11  of  the 
chamber  A force  of  .2  N was  sufficient  to  depress 
the  lever  and  constituted  a response.  Electronic* 
chanical  atid  solid-state  switching  circuitry  in  an 
adjacent  room  monitored  subjects’  behavior,  re- 
corded minute-by-minute  response  rates,  and  con- 
trolled contingencies  of  reinforcement. 

Reinforcements  were  pulses  of  electrical  stimu- 
lation passed  through  one  of  the  subject  ’s  bipolar 
electrodes  on  a continuous  reinforcement  schedule. 
Stimulation  consisted  <>f  biphasie  sinusoidal  tKJ- 
11/  waves.  Train  duration  was  held  constant  at 
.2.5  sec.  Current  intensity  was  varied  between 
trials  according  to  the  demands  of  the  experiment 
by  placing  a megohm  resistor  in  series  with  the 
subject.  Wave  form  and  stimulus  intensity  were 
continuously  monitored  by  observing  the  voltage 
drop  across  a 1,000 -ohm  resistor  in  series  with  the 
subject  on  a cathode  ray  oscilloscope. 

Subjects  were  shaped  for  a minimum  of  15  suc- 
cessive daily  sessions  at  a variety  of  current  in- 
tensities (.5-200  aa.)  in  each  site.  If,  after  1-5  daily 
sessions,  a rat  did  not  self-st  imulate,  ii  was  dis- 
carded. Animals  which  self -stimulated  continued 
in  testing  on  the  following  schedule:  Each  day, 
each  rat  was  allowed  to  self-st  imulate  throughout 
a 42-miti.  session  that  was  divided  into  0 7 -min. 
periods;  changes  in  current  intensity  occurred 
during  a 1-min.  time  out,  which  separated  each 
successive  7 -min.  period.  During  the  first  7 -min. 
period,  stimulation  intensity  was  sufficiently  low 
so  that  the  animal’s  mean  response  rate  over  the 
last  .5  min.  of  the  period  was  below  an  arbitrarily 
defined  response  threshold  of  10  responses  min. 
The  second,  third,  fourth,  and  fifth  intensities, 
presented  in  ascending  order,  sustained  self-st  imu- 
lation behavior  at  rates  that  approached  or 
readied  highest  responding.  We  always  attempted 
to  ascertain  peak  response  rates  for  each  subject; 
at  times,  it  was  found  that  the  fifth  intensity  re- 
sulted in  lower  than  peak  response  rates.  (len- 
erallv.  the  decrement  in  response  rates  was  not 
due  to  overt  convulsions.  Only  2 rats  convulsed 
at  the  fift  h intensity,  and  only  hypot  halamic  stim- 
ulation produced  convulsions.  The  animals  never 
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Subject 

Site 

Peak,  rate 
in  resjionsev 
min 

Peak 
intensity 
'in  jta. 

Threshold 
intensity 
' in  fin 

Routtenberg  & 
Malsbury  rating* 

Ktectrode  site'1 

«5A 

l)B 

20 

85 

57 

moderate 

locus  coeruleus 

S9(  ’ 

Dll 

2S 

71 

42 

moderate 

sub -coeruleus 

1)11 

m is 

85  127 

57 

liiltli 

midbrum  medial  longitudinal 
fascicubis  at  level  of  ventral 
tegmental  nucleus 

3I-: 

IIVI’ 

2U1+ 

35  71 

35 

very  IiikIi 

lateral  hvpot balamus 

Dll 

.305 

18 

n 

verv  high 

dorsal  noradrenergic  bundle 

5K 

HYP 

1)B 

200+ 

13b 

14S  177 

-I 

49 

very  high 
verv  high 

lateral  hvpot  halamus 
locus  coeruleus 

7i : 

Dll 

29 

35 

28 

moderate 

loctis  coeruleus 

HYP 

1115 

141 

28 

verv  high 

fornix 

«(•: 

Dll 

15 

27  32 

23 

moderate 

ventral  tegmental  nucleus 

HYP 

170 

177 

b4 

very  high 

fornix 

1)11 

15 

99  113 

85 

moderate 

dorsal  noradrenergic  bundle 

HYP 

45 

15b  177 

57 

tiinli 

fornix 

i ii  : 

1)11 

2*> 

212 

lob 

moderate 

dorsal  noradrenergic  bundle 

mi: 

HYP 

112 

85 

35 

very  high 

lateral  hypothalamus 

17  K 

Dll 

23 

85  lor. 

85 

moderate 

anterior  locus  coeruleus 

HYP 

i:ir. 

99 

71 

very  high 

lateral  hvpot  halamus 

18K 

DB 

100 

35  39 

32 

verv  high 

dorsal  noradrenergic  bundle 

HYP' 

lit) 

38 

14 

l)iui) 

fornix 

.’m: 

lilt 

KKJ 

28 

14 

verv  high 

anterior  locus  coeruleus 

HYP 

05 

120 

35 

higii 

zona  ineerta 

MK 

Dll 

35 

84 

50 

liigl) 

dorsal  noradrenergic  bundle 

23  K 

DH 

;u'__ 

98 

1)4 

moderate 

dorsal  noradrenergic  bundle 

• Bouttcnberg  arid  Malsburv  classification  system:  Wry  high:  > 1 .(KM)  responses  15  min.;  high’ 
501  l .(KM i responses  15  min. ; moderate : 201  500  responses  15  min. : low : 51  200  responses  15  min 

1 Dorsal  noradrenergic  bundle  refers  to  those  fibers  present  in  the  posterior  midbrain  that  emanate 
from  the  locus  coeruleus  and  travel  forward  ventrallv. 

■ Animal  convulsed. 

convulsed  when  self-stimulation  behavior  was 
elicited  from  the  dorsal  brain  stem  electrode. 

Responses  during  the  final  7-min.  period  resulted 
in  no  stimulation  (extinction).  Bate-intensity 
functions,  averaged  over  5 days,  were  determined 
for  each  elect  rode  site  in  each  rat . 

After  completion  of  all  experiments,  each  rat 
was  injected  with  an  overdose  of  Kqui-Thesin  and 
perfused  with  .W  , normal  saline  solut ion,  followed 
by  lb'  ( formalin  solution.  Frozen  serial  sections 
were  stained  with  luxol  fast  blue  and  eresyl  violet 
i Klu  ver  Barrera  procedure,  1953),  and  electrode 
locus  determined  by  microscopic  examination  of 
the  sections. 

ftrsuttx 

Nine  animals  self-stimulated  at  both  hy- 
pothalamic and  dorsal  brain  stem  sites,  and 
5 others  sell-stimulated  only  in  a dorsal  brain 
stem  site.  Table  I shows  each  rat’s  highest 
response  rate,  the  current  intensity  for  this 
rate,  and  the  arbitrarily  defined  threshold 
intensity.  A response  rate  classification  sys- 


tem used  by  Routtenberg  and  .Malsburv 
(lBBlD  is  included  in  Table  1 for  direct  com- 
parison of  our  data  with  their  results.  Table 
1 also  lists  the  neuroanatomical  locations 
of  all  electrode  tips,  while  Figure  1 shows 
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I Ik-  nrurnauatomiral  location  fur  1 1 > | > < > 1 1 1 : i 
lamir  silrs,  anil  I inures  J acul  n for  dorsal 
brain  stem  sites  (ilols  ami  t nannies  indicate 
electrode  tips*.  l li»*  ilols  on  all  linurrs  imli 
rati'  animals  that  were  self  stimulators;  on 
I inure  tlir  two  t rianulrs  imliratr  rats 
that  did  not  display  self  stimulation  I n • 
liavior  anil  that  "ill  l»'  rrlerred  lo  in  I’.xperi 

mi'iit  1 

In  urni'ial,  soil  stimulation  rati*  intch 
sil  v functions  for  ilorsal  brain  strut  i'Ii'c t r« i«|i ■ 
placements  uriv  similar  lo  rati’  ml i*nsil \ 
functions  jii'iirrali'il  from  hypothalamic 
lilarniirnts.  Of  I hr  II  animals  which  srll- 
~t  mmlalril  al  both  silrs,  .'i  hail  lour,  thresh 
oli I inlrnsil irs  in  tin'  hy pot h. damns  ami  I 
hail  lourr  thri'sholil  inlrnsilirs  in  tin-  ilorsal 
brain  slrm.  The  1 1 ij* hrsl  response  rail's  non 
rralnl  from  ilorsal  brain  strm  sitrs  varied 
arross  subjrrls  from  a lo"  ol  JJ  responses 
min  lo  a lii^li  of  olio  ri'sjionsrs  min  (inraii 
rrsponsrs  for  a o-min.  period*.  1'his  ratine 
riirompassrs  Ihr  ranur  ol  rrsponsi'  rat  as 
mm 'ra 1 1 ■! I from  hypothalamic  silrs 

I hi  I hr  avrraur.  ri'sponsi'  ratrs  wrrr  higher 
for  hypothalamic  than  for  ilorsal  brain  slrm 
placements  However,  contrary  lo  Ihr  re 
sails  ol  Kouttrnhrrg  ami  Malshury  (IIMilb 
who  ini ii ii I no  posterior  (dorsal  brain  strmi 
plarrmriils  "lilrli  rhrllril  vrn  Ini’ll  (over 
1,000  rrsponsrs  lb  min  * ratrs,  I rats  oil  , 
dlv,  Ink,  ami  Jsl\*  self  stimulated  al  very 
liinli  ratrs  lor  ilorsal  brain  slrm  stimulation 
(Tahir  I i.  Tin’  ilorsal  brain  slrm  rlrrtnnlr 
ol  I animal  (.'ill*  elicited  the  highest  siis 
tainrd  response  rate  ever  recorded  in  this 
laboratory,  .'!0.i  rrsponsrs  min.  over  a .V 
nim  period  l'wo  dorsal  brain  stem  place 


MO 

meats  (Unis  _’l  , .Ml ; rhrilrd  a high  (bOl 
1 ,000  n 'spouses  I o mill  rale , ihr  rr  maun  In 
ol  dorsal  brain  stem  placements  elicited 
moderate  (JO I hOO  responses  l.'i  nun  rr 
spouse  rails  ll  the  animal  sell  stimulated 
al  all,  it  did  so  at  least  al  moderate  rales  al 
its  optimum  intensity  I inure  t shows  rrprr 
sriitulivr  rale  intensity  functions  loi  ii  rats 
hi  their  hypothalamic  and  dorsal  brain  stem 

sites. 

/ iiscnssnm 

Dorsal  brain  stem  electrode  placements 
ran  yield  not  only  reliable  intracranial  self 
stimulation  behavior,  bill  self-stimulation 
comparable  to  ihr  highest  rates  elicited  hy 
anteriorly  placed  elect  l odes.  This  is  emit  ran 
lo  limit  trnbri  n and  Malshury  (100(11,  who 
contend  that  highest  rales  ol  self-stimula- 
tion are  found  only  in  ventral  anterior 
midbrain  sites  We  believe  that  our  elec 
trodes  elicited  higher  response  rates  than 
I Inars  berausr  our  range  of  intensities  in 
variably  included  Ilia ( inlrnsil}  which  rhe 
ilnl  peak  rales  al  each  spe,  while  m limit 
tenherg  and  Malshury 's  prorrdure,  peak 
rrsponsi'  rales  were  elicited  only  it  llteir 
single,  arbitrarily  chosen  rurrrtU  intensity 
happened  lo  lie  that  site’s  optimum  self 
si iniulat ion  intensity 

ll  is  well-known  that  hypothalamic  elec 
Iriral  brain  stimulation  frei|urully  results 
in  convulsions  (lieid,  (iibson,  (iledhill.  A 
Porter.  Idtil'  In  our  experience,  electrical 
brain  stimulation  through  dorsal  brain  stem 
elrrl  lodes  has  nr\  rr  resulted  111  a convulsion 
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3 RATE  INTENSITY  FUNCTIONS  HYPOTHAl  AMUS 


30  AO  SO  be  To  80  90  100 

INTENSITY  ( ju  amps) 

' HAT t -INTENSITY  riiNCTiuNS  DORSAL  BRAINSTEM 


20  30  40  bO  60  70  80  90 100 

INTENSITY  ( ju  amps) 

I i.i  l I J :i t mtriiMt \ him  ! ions  |or  livpot hnlumic  nml  dorsal  hrain  sl<»m  silos  in  .1  rrprosoiitat ivo 
animals 


I Mil  in  I Ik  - i uses  u|  multiple-implant 
animals  iii  \\ hit'll  hypothalamic  elect rodes 
• ‘lit'ii  < ■ * I *-i >n v iilsu »ns,  dorsal  lirain  >10111  elec- 
trical lirain  stimulation  did  nut,  ovon  at 
relatively  lu^li  intonsit ios  (_’(HI  pa.  h I urtlicr- 
inoro,  mult  ipli-  implant  animals  consist  out  ly 
dotnonsl rated  lioliavioral  arousal  when  stim- 
ulatod  through  their  hypothalamic  elec- 
trodcs,  hut  u lii  ii  stimulati'd  through  their 
dorsal  lirain  stem  electrodes,  an  absence  of 
arousal  was  noted. 

1 Xl’KitlMF at 

Because  it  is  our  contention  t hat  the  locus 
cocruletts  or  libers  emanating  from  the  locus 
eoeruleus  account  for  at  least  some  of  the 
self  stimulation  obtained  in  Kxpcrinicnt  I, 
no  would  predict  that  drugs  known  toallect 
noradrenergic  areas  (Stein.  IIKIJ,  ItMi-U 
should  have  a significant  elTect  on  dorsal 
brain  stem  >elf  stimulation.  To  test  this 
hypothesis,  wo  compared  the  rats'  responses 


under  il-  vs.  /-amphetamine.  I hillips  and 
libiger  (ItlTd)  demonstrated  that  the  liypo- 
thalamus,  a noradrenergic  self-stimulation 
site,  shows  a significantly  larger  effect  with 
</-  as  opposed  to  /-amphetamine,  whereas  a 
dopaminergic  self-stimulation  area  (sub- 
stantia nigra)  shows  approximately  equal 
(•fleets  with  </-  and  /-amphetamine.  We 
compared  hypothalamic  and  dorsal  brain 
stem  sites  w it  hill  t lie  same  subject  to  demon- 
strate the  noradrenergic  nature  of  the  dorsal 
brain  stem  site. 

Mrlh.nl 

Six  nils  It ' I . lit  I-!,  Ml !,  1st  , .1 IT,  Jit  I ■ were  cell 
tinned  from  I Aperinienl  I Is  described  in  t lint 
I Aperinienl . bnscline  rate  intensity  functions 
were  determined  for  encli  electrode  sile  in  encli 
rat.  Thereafter,  the  animals  were  allowed  to  self 
stimulate  throughout  daily  77  min  sessions  which 
were  divided  into  11  7 min.  periods.  As  before, 

intensity  c hanges  occurred  during  I min.  nils 

between  successive  7 min  periods  However,  in 


Ill;  UN  SI'IM  Wll  1 1 N I’t  ►I'll  A I AM  U*  Sill-  S II M I I A l'|(  IN 


M’l 


tins  procedure.  tin1  rate  mteri.-uly  function?'  of 
each  rat  s - **!«*•  * t mde  sites  wri  t*  uitcrdigit  ;it«al , 
if  . delivery  ot  the  iMirmit  was  alternated  In* 
U'immi  lis  pot  lialaimts  and  dorsal  Wain  stem  in  an 
\ lt|t  \ \ lilt  \ \ It  sequence,  beginning  witli  t lie 
dorsal  Wain  stein  electrode  site 

lints,  throughout  the  lust  7 nun.  period,  re 
spouses  resulted  in  st  iinulat  ion  through  t lie  dorsal 
I train  stem  electrode  site  Throughout  the  follow 
inn  - 7 min  periods,  the  eurrent  was  delivered 
t lirough  the  h\ pot  halamie  site  ({espouses  in  the 
ne\t  J 7 min  periods  led  to  dorsal  lira  in  stem  st  tin  - 
ulation,  and  so  on  until  7»  intensities  were  run  in 
ascending  order  in  each  site  The  purpose  of  this 
proeedure  was  to  insure  that  both  electrode  sites 
would  he  tested  equally  in  the  same  tune  interval 
and  under  the  same  conditions  Responses  during 
the  final  7 nun  period  resulted  m no  st  iinulat  ion 
(extinct  ion ) 

l or  each  drug,  data  were  averaged  over  il  sue 
cessive  a day  sequences  The  drug  was  adminis 
tered  on  the  second  day  of  each  sequence;  Pay 
1 and  Pay  a served  as  pre  and  postdrug  controls. 
I'he  tl  amphetamine  was  administered  on  drug 
days  o|  the  first  ft  day  sequence,  / amphetamine 
in  the  second  ft  day  sequence  l inallv  . a single  <i 
amphetamine  sequence  was  run  to  determine  if 
any  changes  in  drug  reaction  had  occurred  since 
beginning  the  experiment 

t hi  drug  davs.  the  rat  was  mjeeted  intraperi 
toncally  with  either./  or  / ampliet  amine  (dosage 
I mg  kg  of  ImhIn  weight,  concent  rat  ion  I mg  ml 
ft1  , normal  saline  solution)  .»()  mm  before  the 
sell  stimulation  session  On  pre  and  postdrug 
control  days,  only  t lu*  saline  solution  concent  ra- 
tion l ml  kg  of  body  weight  ft',  normal  saline  so- 
lution! was  injected  oO  min.  before  tin*  self  stitn- 
ulat  ion  session 

In  addition,  J rats  were  tested  under  the  same 
procedure  over  a variety  of  drug  doses  ( I 0, 
and  JO  mg  kg'  for  both  isomers. 

lit  suits 

I igurr  .i  shows  fho  proportional  changes 
comparing  rate  intensity  curves  from  < I or 
/ amphetamine  tlttvs  to  saline  (l»nseline> 
i lavs  rhesr  curves  represent  standardized 
scores  for  which  response  rales  under  salute 
are  unity,  and  response  rates  tinder  t / or 
/ amphetamine  are  expressed  as  a proper 
tion  of  tin1  saline  rates.  The  //  amphetamine 
ellect  at  every  intensity  at  I with  Its  pot  ha 
lamie  and  dorsal  brain  stem  sites  for  each 
animal  is  significantly  larger  than  the  / am 
phetamine  ellect  lint h drugs  show  smite* 
elevation  over  the  saline  eonditton,  I ml  the 
/ amphetamine  ellect  does  not  ditler  Mg 
nilieantly  from  the  saline  eonditton  (>igu 
lest,  /»  > O.M.  The  //amphetamine  ellect 
is  statistically  significant,  and  ihlTcts  from 
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liypot luitniwie  ami  vlorsal  Uvnin  stum  situs 


hot  It  saline  and  /amphetamine  conditions 

(sir'll  tests,  1 1 ■ tl.M. 

I inure  ti  shows  the  proportional  ehanncs 
for  dorsal  hrain  stent  sites  compariun  rate 
intensity  curves  when  tlilTorent  doses  of  (/ 
and  / amphetamine  were  utilized,  lu  I inure 
t«  one  tali  set'  that  rats  have  comparable 
elleets  at  'J.O  mn  kn  of  / amphetamine  w lien 
these  elfeets  are  compared  witli  .,*>  mn  kn  °f 
<1  amptielamine,  indication  an  approximate 
1:1  ratio  of  /-amphetamine  to  (/-ampheta- 
mine for  this  situ 

I 'inure  i slums  the  elleets  ol  the  three 
i loses  of  i / and  / amphetamine  on  the  lirst 
intensity  illustrated  tit  I inure  ti  I inure  7 
also  demonstrates  an  approximate  1:1  ratio 
"I  / amphetamine  to  '/-amphetamine.  One 
can  see  this  1 tx  eomparitin  I lie  elleets  of  1? 
mn  kn  ol  /amphetamine  with  mn  kn  of 
d amphetamine 

/ )lSl'USSIl ta 

I ’rev  tolls  researelt  has  mdieatetl  that  a 
mam  action  of '/-amphetamine  is  to  laeilitate 
lloratlretternie  systems  (Phillips  A I linnet'. 
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Si  .III , mill,  Steiner  A:  SloMcy, 

Oahlsliom  and  luxe  (|!lii|)  ami 
l Hurl's! .all  1 1 1 * « I I liavr  shown  that  tlirrr 
ate  noradrenergic  locus  cocnilctls  cell  bodies 
ami  noradrenergic  tillers  emanating  from 
i lie  locus  cocmleiis  with  terminals  in  the 
h\  |iot  lialatiiiis.  In  a recent  study,  Vnlezark, 
I vow,  and  C.tvenwav  y l M7 -i ' demons! rated 
that  Inlateral  lesions  ot  the  locus  eoeruleiis 
lead  to  large  decrements  in  hraiti  tiorepi 
iiephrine.  Our  results  are  in  accord  with  the 
hypothesis  that  noradrenergic  lihers  or  cell 
bodies  in  the  dorsal  I train  stem  support 
sell'  stimulation  in  this  area,  and  that  these 
noradrenergic  structures  account  lor  the 
large  ./amphetamine  elTect  in  the  present 
experiment . 

Obviously , there  are  other  explanations 
lor  our  data  that  could  involve  uouuoradre 
nergic  dorsal  brain  stem  sites.  It  is  possible 
that  liniiunmdt'cucrgic  fibers  are  stimulated 
which  terminate  in  distant  noradrenergic 
areas  which,  m turn,  are  responsible  for  the 
./-amphetamine  ellect.  We  can  only  com- 
ment that  Phillips  and  I Huger  (ltl7.il  found 
specific  pharmacological  elVects  dependent 
on  electrode  site  liven  under  the  assinup- 
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I'  lia  m li  Preport iolml  comparison  til  vary  m. 
doses  ( 'Jo,  I II.  II  milligrams  per  kilogram 
Ml’lxp  of  ,t  ami  I amplicl amine  upon  rale  mien 
si  I X functions  in  dorsal  hrain  stem  sites 
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I on  in  7 Proportional  couiparison  ot  varying 
dose  of  il  and  / iimplict amine  upon  threshold 
intensity  in  dorsal  hrain  stein  sites 


lion  that  the  stimulated  dorsal  brain  stem 
areas  are  iionnoradreiiergic,  we  st ill  conclude 
that  the  mechanism  responsible  lor  intra 
eranial  self  stimulation  in  this  experiment 
is  noradrenergic.  Therefore,  it  seems  dlllietlll 
to  explain  our  data  on  the  basis  of  Itouttcn 
berm  ami  Malsbury’s  "ext  rapy  ramidal" 
hypothesis,  as  the  ext  rapy  ramidal  motoi 
system  has  been  shown  to  be  dopaminergic 
(l  ngerstedt,  11171'.  Our  eoutentinu  is  that 
stimulation  of  the  noradrenergic  evils  and 
tracts  surrounding  our  electrodes  account 
lor  our  results. 

Kxi’KitniKXT  .'{ 

In  a previous  experiment,  Steiner,  Hod 
nar.  \ekermami,  and  I 'llmaii  (llt7.P  demon 
stinted  that  escape  behavior  could  be  oh 
tamed  from  dorsal  brain  stem  sites  that  also 
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rlifil  lilt  nuniiujd  >rll  >1  iimihil  u»n  In  tlir 
promt  rxprriinriit , \\r  sy >tmmt irallx  nm- 
niplllatril  nitrliMlN  (iniiTOiimpnvs)  to  oh 
lain  rsrapr  latnirv  inlrnsit  \ Imutioiis  Irom 
>liinulal  mil  n|  dorsal  l»rain  slum  silrs  in  ordrr 
to  romparr  tlinii  with  li\ pot halaiiiit'  la 
lrlir\  llilriisilN  lillirt  ions.  (Mlirr  invrsli- 
i»alors  tHrrr  A Strinrr,  liHio;  Itowrr 
Millrr,  |«r»M  Imvr  drinoiislratrd  I lull  rsrapr 
lalrnrN  Irom  li\ potlialainir  rlrrlriral  hrain 
stimulation  varies  as  a huirlion  oi  ciirrmt 
llltrltsit  \ rims,  rsrapr  hrhavior  would  pro 
vide  another  iisrlul  romparison  o|  dorsal 
hrain  ''Inn  and  lt\ potlialainir  areas. 


Ioiii  ol  I lif  annuals  i Unts  '*1  . Ill  . Ill  . mu! 
1st  > that  parlnipntrd  m l sp’nmvuls  l nml  - 
writ’  roll!  imird  in  I \|»ri  iltiriil  * I'lir  mis  wri  t* 
lininrtl  I**  rsrn|»r  Irom  pnssivr  rlrrlriral  l»rnin 
•>l  ituulutioit  in  an  oprrant  rliamhrr  similar  in  si/.r 
lo  tlir  • hainhrt  usrd  m I xprrimrnts  1 ami  with 
i hr  following  rxrrplnni  in  plarr  nt  a irlrat  lahlr 
h’vrr.  a Irratllr  (I  \ 10  rm  > was  prrinanrnl l\  m 
srrlrtl  into  I hr  « Itainht  r on  I hr  wall  opposite  Irom 
i hr  wall  that  had  ronlainrd  l hr  rrt rarl ahlt*  Irvri 
rhr  ousel  ot  a slrrain  ol  rlrrlriral  l rams  piO  rv 
. trs  set  sinr,  » srr  thiralioii,  .»  srr  mlrrtram 
mtrrvah  tlrlivrrrtl  through  I * »l  l hr  ml  s . rlrr 
trodr  stirs  umrkrd  I hr  hrginmug  ol  I hr  lirsl  trial 
Siinmlalioii  rontinurd  until  rillirr  I hr  rat  dr 
prrssrd  l hr  Irratllr  or  HU  trains  hml  hrrn  drltx 
rrrtl  I II  hrr  rout  ingrnry  roust  it  ulrtl  a singlr  l rial 
Miri  a I .*»  srr  mtrrt  rial  mtrrval , I hr  si  mmlat  ion 
was  automat  trails  rrinitiatrd  and  I hr  prorrdurr 
rrpralrtl  Hiirrrssi vrls  until  a hlork  of  10  Inals  was 
run  I'hr  annuals  wrrr  trainrtl  lt»  inakr  a Irratllr 
prrss  rrsptnisr  to  trrimnatr  st  mmlat  ion,  ami  all 
I rats  Iramrd  t hr  approprialr  Irratllr  prrss  rr 
spouse  for  st  mmlat  uni  in  I •« »i  It  dorsal  hrain  slrm 
and  Its  pol  halaimr  silrs 

I’hr  rats  wrrr  thru  Irslrtl  at  rrlativrls  high  and 
low  inlrnsit irs  JlO^a  1 I • » tint!  rangrs  ol  rsrapr 
lalrnrirs  I*  or  rarli  silt*.  0 intrnsilirs,  prrsrntrtl 
mi  drsrrnding  ortlrr,  wrrr  rhttsrn  It*  tlrlrrimur  a 
latrms  mtrnsils  function  \l  I hr  highest  mtrn 
sii\.  i hr  animals  hml  to  ovrrroinr  stimulus  in 
durrtl  inotttr  mvol  vrinrnl  hi  ordrr  I » » inakr  l hr  ap 
proprtalr  rrspt*nsr,  this  was  I hr  lirsl  stiimilus 
prrsrntrd  m tlir  prt»lort»l  I'lir  nr\t  it  lowrr  mtrn 
sit  irs  r host’ll  wrrr  tlu»sr  from  whirh  tlir  rat  roultl 
rsrapr  rrliahls  , that  is,  tlirs  wrrr  intrnsilirs 
w tin  h ronsistriil Is  rlirilt’tl  rsrapr  hrhavior  hut 
tlnl  not  rvokr  involuutars  movrmrnt  I'lir  lift h 
intrnsil  s ss  as  our  to  ss  huh  \ hr  rat  w ould  givr  van 
ahlr  rrspotisr  latrurirs  across  tlavs,  sshrrras  I hr 
si \ l h intrnsil  s ss  as  tlrlihrratrls  rhosru  to  hr  hrlow 
l hrrshohl  Itrspoudtng  lor  thr  sixth  mtrnsils  was 
not  not irrahls  dilTerrnt  than  at  /.rrn  inlrnsit s 

Thr  ss  1 1 lim  tlas  prort'tlurr  ronsistrtl  ol  SO  i rials  , 


i hr  lirsl  10  and  I lit*  last  10  l rials  w rrr  rout  rol  l rials 
run  at  /.rro  inlrnsit s Hals  wrrr  run  at  t hr  ti  rhosru 
mlruMlU’s,  10  Inals  prr  mtrnsits  l tsr  consrcu 
livr  tlays  of  data  wrrr  takrn  for  thr  dorsal  hrain 
stem  silr,  lot  loss  t’tl  hs  •’»  ronsrriitivr  da\s  I « •(  thr 
lis  pot  halaitms  \lran  rsrapr  latrnrirs  wrrr  tlr 
Icrnutird  for  rarli  intrusitv  at  rarli  silr 

\ linal  il  ilas  ralr  mtrnsits  srlf  slmmlalioii 
I Hurt  n mi  was  lakrn  for  rarli  silr  for  rarli  suhjtvi 
to  uiMirr  that  sell  slmmlalioii  hrhavioi  roultl  still 
hr  rliritrtl  follow  inn  ' hr  rsrapr  prorrdurr 

I'lir  animals  wrrr  rithrr  htstologuulh  prr 
part’d,  as  ilesrnhrd  in  I xpriiinrut  I.  ol  rttnt  iiiurti 
into  I xprrmirut  I 

l\<  suits 

All  subjects  learned  to  escape  rchahlx  ami 
dilfcrcnt  inllx  I rom  I lie  A highest  inlrnsit  irs 
at  rarh  sitr  (I  igurr  St.  Itoth  dorsal  lirain 
'-trm  and  hypothalamic  iunrtions  approxi 
matrd  a straight  line  on  a Ion  log  plot  m 
7 ( I hypothalamic,  d dorsal  lirain  strml  out 
ol  S cases  This  indicates  that  escape  latency 
vs.  stimulus  intensity  is  a power  function, 
suggesting  that  escape  latency  is  a niacin 
tilde  cst  miat  ion  ol  t lie  iutelisit  y of  I he  still  ill 
In-  (Stevens,  Id.'iTt.  In  the  remaining  case 
(a  dorsal  lirain  stem  sitef,  there  was  a gross 
motor  artifact  competing  with  appropriate 
escape  responding  at  all  intensities,  which 
max  explain  xxliy  its  latencx  intensity  tunc 
lion  dexiated  from  a power  function  plot. 


' N T r NsfilT  X |U  imp*) 

Klisrio  S I soipr  latrnrx  mtrnsitx  functions 
m hypothalamic  and  dorsal  hrain  slrm  siirs  foi 
four  subjects 
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Mower  ami  Miller  (Iii.Ym,  (i|,|s  ( pi, 'a, 
I'.i.'iS.  PKiO'.  anil  Murgulei  I'M.i,  siiggesteil 
sepm'iitc  neurnnal  systems  lot  positive  ami 
for  negative  reinforcement.  Olds  (pMi(P  and 
Mai nules  (P.Hilvi  nv.ontihncil  llial  they  Inuiul 
disei'ele  neurnanalnniiial  areas  in  which 
eleetrieal  l>rain  slinmlalnm  supports  inlra 
cranial  self  stimulation,  Inn  nnt  escape  lie 
haunt-  However,  Heer  and  Steiner  (PMih> 
and  Steiner  el  al.  (Iil7.ii  have  shown  that 
am  area  in  the  h> pothalanius  (hat  will 

> ield  intracranial  sell  stimulation  will  also 

> ielil  ese.ape  behavior.  In  the  present  e\ 
penmen!,  we  lomul  that  all  dorsal  liraiu  stem 
and  In pothalamie  self  stimulation  spes  that 
we  tested  y ield  escape  behavior.  In  addition, 
the  areas  that  Margulcs  (P.Milii  ealled  ptlle 
positive  areas  are  areas  that  were  found  to 
iield  reliable  esiape  heh.avinr  (Iteer  A 
Steiner,  lihi.'i.  Steiner  el  al  lilT.'i.  the  present 
stud> 

We  believe  that  the  eoiilliel ing  hinlmgs 
are  a funetioti  of  relatively  simple  method 
■ •logical  ilirtereltees  between  studies  In  the 
studies  that  obtained  t’seape  behavior  from 
all  sell  stimulation  sites  (Heer  A Steiner. 
I'.Hi.'i.  Steiner  et  al  . P>7o , I hi'  present  stlnh  . 
the  rats  were  actively  shaped  to  emit  esiape 
responses  It  is  important  to  note  that  while 
initially  shaping  esiape  responses,  low  in 
tensities  folten  below  sell  stimulation  thresh 
olds'  are  more  elleetive  in  shaping  eseape 
responses  than  are  high  intensities  This 
max  seem  paradoxical  'line  animals  that 
hax  e already  learned  to  eseape  do  so  more 
nuiehly  at  high  intensities  than  at  low  m 
tensities  However,  it  one  gives  t lie  rat  s high 
intensitii's  early  in  training,  (hex  tend  to 
beeotne  imumbili/.ed  and  little,  if  any.  re- 
liable behavior  eau  be  obtained.  In  Margulcs* 

1 1 Utiii  st tidy . no  shaping  w as  performed,  ami 
relatively  high  intensities  were  used  early 
m the  experimental  run  Knsed  on  our  ex- 
perience, the  surprising  results  from  Mar 
gules’  (HHit'd  study  is  that  any  reliable  es- 
cape behavior  was  obtained  using  till'  pro 
red i ire  I'lie  "pure”  positive  reinforcement 
area,  to  our  knowledge,  remains  malts 
eov  ered. 


I Art- uivir  xr  I 

l ngcrlcidcr  and  l oons  t |>.i7tP  stated  that 
response  enhancement  between  eoiitralat 
oral  h\  pothalamie  sites  depends  Oil  I lie  abll 
It  y ol  each  elect  rode  site  to  support  sell  stun 
illation  behavior,  response  enhancement 
does  not  Occur  when  one  electrode  site  slip 
ports  self st  III  i ttl.a  lion  lull  the  Other  does 
not  Maeda  and  Shimi/.u  (Ht7’J',  using  histo 
lluorescent  tcchuiipifs,  deiuotist ratixi  a coin 
nioii  ucurohutiioral  transmitter  substance 
(tionnlrcualiut  and  neuroanatoluieal  eonnee 
lions  between  the  hypothalamus  and  locus 
eoerulells.  This  experiment  attempts  to  deni 
oust  rate  a functional  relationship  between 
dorsal  brain  stem  and  hv  pothalamie  inlra 
cranial  self-st itmilat ion  sites  Speeitieallv , 
we  attempted  to  compare  stimulation  ol 
dorsal  brain  stem  and  hypothalamic  sites 
alone  w it  h t he  elleets  ol  simultaneous  stitntt 
latiou  ot  these  sites,  t >ur  comparisons  in 
Voiced  both  response  threshold  and  response 
rates. 

.1/ l thixl 

live  I loll  /.man  Sprague  I'awley  nils,  ;!  drawn 
from  previous  experniienls,  were  used  iti  I Ills  ex 
pvviwwiil  III  . animals  demonstrated  sustained, 
reliatile  sell  si ituutat lull  behavior  from  llieif  to 
|mltialaiuie  electrodes  I t uee  of  i tie  > sitlijeels 
alsn  ilenmiisl I'.atetl  sell  st iiuulat lull  behavior  fur 
dorsal  brain  stem  eteelrieal  brain  stiiuulatioii 
tdoulde  pressers  ’ . » lute  sulijeels  did  nut  demuti 
strale  self  atiniulat ion  Irom  llieir  dorsal  brain 
stem  eleel rodes.  despite  at  least  to  shaping  ses 
sums  (emit  rots  i 

\ rale  intensity  fiinetiou,  as  deseribed  in  I \ 
periliii'iit  I.  was  iililained  for  eaeti  electrode  site 
that  siipporlcd  self  si  limitation,  Ivory  rate  in 
tensity  fiinetiou  inelmted  a eurrent  intensity 
vvhieli  yielded  response  rail's  below  alt  arbitrarily 
detineil  tlireslmld  rate  (a  mean  of  III  responses 
nun  over  a d lion  period'  l poll  deternimation  of 
ihresliold  intensities  at  eaeti  eleetrode  site.  I tie 
doutile  pressers  began  I tie  following  schedule 
which  is  represented  in  ruble 

I very  day  . each  double  pressor  bad  all  oppor 
t unity  lo  lever  press  during  an  SU  nun  session 
which  was  divided  into  10  nun.  periods  I luring  1 
period,  lever  pressing  led  lo  delivery  of  snbt lives h 
old  si  mt  u I at  ion  lo  t eleel  rode  site  (single  st  itntila 
Hon  i,  during  another  period,  lever  pressing  led 
lo  delivery  of  stimulation  to  t lie  alternate  elec 
Irish-  site  (single  st iniulat ion ' . during  a third 
period,  lever  pressing  led  to  simultaneous  delivery 
of  siilithrestiold  si  iiuulat  loll  to  both  sites  (sinntl 
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taneous  stimulation  ai  tin-  s-mie  mieiiMlies  as  in 
the  cal  her  periods  Pack  « »|  these  periods  was 
■s*’pai  a ted  I * \ periods  x\  liu  li  n»>  stimulation 

delixered  text  iik  t H'li  i . I lit*  purpose  nl  lltt* 
extinction  periods  was  l « • reduce  cuiitrnM  etTeets 
ln*l ween  st utudaltou  coiuUtW'W**  Oa\a  tv»>vn  the 
first  » nun.  *•!  each  10  nun  period  were  disre 
garded , tins  als,i  reduced  « out  last  etTeets 
mean  number  of  i espouses  per  minute  oxer  the 
last  • nun  «>|  e a«  h j *t*i  md  wriv  « a l«- u I .a  t <*«  1 and  nun 
part'd 

I fir  psy  choplw  steal  method  of  limit'-  was  fin 
ployed  in  dt'tt'riuiiu*  fiirivnt  intensity  thresholds 
Under  l he  sunwlt  aueous  condit  ion  1‘iirienl  mien 
-■o  \ was  hold  constant  at  otu*  site  an«l  varti'd  at 
t ho  allot iiato  si  to  \\  Inn  si  mil  It  a noons  st  modal  ion 
rosultod  in  stiprat  liroshohl  response  rail's,  current 
mtonsit  x \n  tht'  xaii.-dde  silt'  was  tlu’ii  reduced  on 
successive  daxs  mod  simultaneous  stimulation 
no  longer  supported  siiprat  lu  es  hold  response 
vatt's  Phis  procedure  was  thou  rovorsod  aiul  • m 
ront  intensity  at  t ho  variable  electrode  stto  was 
increased  over  successive  dais  until  supralhresh 
old  rospnnso  i ales  w oro  owee  again  at  \ ainod  during 
f lio  simultaneous  stimulation  condition  I'wo 
altornato  ascending  and  descending  sequent  os 
woro  repeated.  and  an  t>vorall  throshold  was  do 
torinmod  yKlmg  A Kiggs,  107 1' 

I his  pmcodui'o  was  modified  lor  t ho  two  rats 
t hat  display  oil  soli  st  unulat  ion  holiav  nu  ft  om  only 
t ho  hypothalamus  For  these  animals,  hxpotha 
huute  rate  intensity  Inn*  lions  wort'  dotortmuod 
ovor  a .*»  day  baseline  porind  I'hon.  oaoli  mtonsit  y 
in  t ho  h\  p*>t  halainic  rato  mteusitx  function  was 
simultaneously  pairod  with  a const  ant  dorsal 
hrain  stem  mtonsit  \ I*  he  dorsal  hram  stem  niton 
sii\  xx as  varied  every  tilth  day  until  l ho  hxpotha 
lainic  rato  intensity  (unctions  had  Ivon  put  rod 
with  * mtonsit ios  w hicli  mdudod  a range  of  in 
tensities  0''*  lo*  A*n  ' that  normally  supports 
soil  stimulation  Viter  tlio  last  dorsal  hram  stem 
oiirront  mteusitx  had  ht*t*n  tested.  t ht*  hasoliiit'  h\ 
pot halainic  rato  mlcnstty  I'nnotion  was  ropoaltal 
over  tho  no\t  » days  to  sot'  if  it  had  changed  Ml 
rats  wort' t hon  histologn  dh  proparotl  as  dt'senhod 
in  l \pomnont  l 

It*  suits 

V:ddr  •'*  ilisplavs  tin'  suhtliivsholil  inten- 
sities for  omit  ral's  J silos,  tlio  rato  olioitoil 
l>\  a subthrcshohl  intensity  presented  singly . 
tho  rato  elicited  by  tin*  sublhreshold  mten 
sit  ios  presented  sintnllnneously  , and  tho 
poak  h\  pot halatnio  rato  as  a comparison  to 
tho  simultaneous  stimulation  rato  Thresh- 
old  intensities  (intensities  eliciting  fowor 
than  10  responses  min  1 for  smniltauoous 
stimulation  woro  > I I ^a  low  or  than  throsh 
old  mtonsittos  for  singly  presented  stimula 
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tton  I'aMo  d and  I iguros  i ;;  m»to  histolo^ 
loal  \ ort  lira  t toils  ol  t ho  o loot  rod  o plat « tin  a 1 1 s 

I or  oaoh  tlouhlo  prossor  rat,  ivsponso  rat  os 
mwlor  sinmlianotuis  stimulation  tonditions 
woro  suhstuntiallN  aln»\o  throshold  at  m 
trnsjt  x Ion  t'ls  whioli,  whon  ptoM-utod  singh  , 
\ toldotl  otd\  sllht  hroshold  response  t ales 
I’ tgure  ihsplav  s data  t » *i  tin-  detonuma 
lion  t>t  a smmltanc'ous  stimulation  tlire-hold 
tor  one  stioli  annual  fUat  ,d  I'he  ’ otliet 
double  pressor  rats  O'plioatoil  the  irsults 
shown  m all  essentia!  respects  \ll  d subjects’ 
simultaneous  stimulation  rates  (elicited  b\ 
mtonsittos  that  wore  subthri'sluild  when  pro 
sent  oil  smgh  ' were  similar  t»»  nuLMtnum 
rates  pvoiluccd  at  att\  mtonsit \ at  am  site 

The  J control  subjects  showed  no  e\  nlonce 
that  sinmltauoous  stimulation  enhanced  tv 
spouse  rates  in  an\  wa>  at  an\  mtonsit \ 

1 igure  deptets  ('lUitrol  I \a t JJK  eontiastt'il 
with  tlieetTeet  of  a double  pressor  ( l(at  ,d  ' 

Ihsrussuui 

\\  e mterpiet  these  data  to  be  evidence  lor 
neuroph.v siologieal  iuteractimi  between  ueii 
roanatomiealh  distinct  and  distant  loei. 
(hit  h\  potlic'sis  is  that  the  behavioral  data 
obtained  in  this  experiment  were  the  result 
of  uouropliN siologteal  interaction  between 
locus  room  lens  and  h \ pot  halainic  st  met  tires 
This  hypothesis  is  in  accord  with  histothto 
reseeiit  data  (Macxla  A Shimi/u,  t >|son 
A luxe,  However,  at  this  point  wc 

cannot  rule  out  the  possibility  that  other 
inuroauatc'mical  structures  arc  involvcxl  in 


i i i M\\  \rki  i:\i\n\  imnN\i;  im  kiii:  wu-iiimi; 


1 lilt 

1 >1  Ml 

1 ItMtll  > S r 1 M 1 1 V 1 1 1 » N IN  1 1 N | 

niiivi  wilt  inr  wi»  1 toi.  vi  1 i ii  \ i \ Sn  m 

I'll  >|||' 

• N 1!  1 >|M» 

\ N | l it  1,  1 

sum  iih 

‘sutiir*  1 

HU* 

ihimhoki  M,r 

mleiiMty  u 

S|SI||S(-S 

» 1 \ 1*  rl.xt.ml. 

I<h  aluatiun 

nit 

1 Itlisli.d.l 
llltl  It'll  \ 

ml  ratr 

i»s|H»ti'r' 

min 

1 HI  i lixltoilr  l>s  ali.  at  i.mi 

II  N 1 
fair 

irx|H»inrx 

■Mlliul 

' UlllXItx 

'(imuUtmii 
■ air 

miMittr 

min 

1 >otililr  I’ivhm' 

rs 

;i 

M 

0 0 

Inlrrnl 

11 

U 0 

»1«  it’s  h1  itormin'iifi  kii 

Jim  f 

|0n  0 

ll\  pol  li:il:UUU> 

Inimllr 

71 

Jii 

1 0 

1 U 

1 •*» 

lor  us  riH'iulrttN 

1 1 » *) 

i:i2  s 

at: 

til 

N 0 

foriu  v 

21 

N N 

vrntral  trmnrni.il  mi 

170 

ll>*»  0 

C'lt*l|S 

i 

’out  rols 

.’■.‘I 

1 1 

t 

l:itcrnl 

177 

1 1 

pout  tur  iv t trulai  lot 

21“ 

n 0 

li\  poi  Iml.'ttitti' 

2 1 

tnnt  ion 

s o 

• >■  • | 

1 1 

j .'i 

fornix 

1 11 

0 0 

pout  inr  rnplir 

127 

S x 

.iii 

(1  0 

* 

\ot 

. IViil.lr 

prr.-wi 

in  srlf  si  imul.iti 

• in  liolli 

rlrrtroilr 

>iti*s,  controls  soil  st  mml.itr  oul\ 

in  t hr  Ii x 

put  Ii  ihuntis 

this  interaction,  nor  can  we  presently  rule 
nut  tin'  mole  unlikely  possibility  of  some 
type  of  reiuforeement  summation  that  is 
relatively  independent  of  neural  pathway  s 
The  data  tor  the  control  animals  demon 
strate  that  simultaneous  stimulation  of  a 
sell  stimulation  and  a nonself  stimulation 
site  does  not  result  in  increased  response 
rates,  allowing  us  to  conclude  that  spread  ot 


Kim  to  a ( 'omparisou  nt  simultaneous  siunit 
I iliou  inleraelion  lu'tween  the  dorsal  hrain  stem 

Old  III  pol  halamii  sell  stimulil sites  (Kat  t| 

out  simultaneous  stimulation  tnterm  tton  lietm-en 
i In  |i"t  hal  oim  self  stimulation  site  and  a dorsal 
tu am  stem  nonselt  si iuiulal ion  site  jll.-it  I 


elect rieal  etirreiit  from  dorsal  hrain  stem  to 
hy  pot halan-te  structures  cannot  aeeounl  for 
the  strong  interaction  found  in  double 
presser  suhjt'ets. 

( iKNKH \t.  I >lsl  I sslON 

rile  present  group  of  experiments  explored 
some  of  the  types  of  behavior  that  can  lie 
elicited  from  dorsal  brain  stem  self  -stimuli! 
lion  sites  It  has  been  demonstrated  that 
animal'  with  dorsal  brain  stem  electrodes 
can:  in'  sell  stimulate  at  moderate  to  ten 
high  response  fates,  (/>'  have  the  type  of 
dillerential  olToct  to  </  and  /-amphetamine 
t hat  one  would  expect  from  a noradrenergic 
site;  po  show  escape  latency  functions  that 
are  similar  to  hypothalamic  escape  latemw 
functions  In  addition,  simultaneous  dorsal 
brain  stem  and  lit  pot  halamie  sclf  stimula 
tion  lowers  self-stimulation  thresholds  and 
raises  response  rates  at  least  at  relatively 
low  intensities  The  major  ditVerenee  noted 
between  these  self  stimulation  Sites  is  that 
behavioral  arousal  i hataeteri/.es  lit  put  ha 
lamie  self  stimulation  but  not  dorsal  brain 
stem  sell  stimulation  i Chi'  i'  usually,  but 
not  in\  ariably  . t In-  ease 

I'he  d.-ita  presented  ate  in  accord  with  the 
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li\  |m il In  -i>  that  llit  liirii-  i n, -nil'  ll'  luoihatrs 
< l« >r~;»l  hralli  'Irni  -i  ll  stimulation  I'ln*  lart 
i liat  mu'  rail  nhtaili  a larur  iurrca.M'  in  dorsal 
lii'am  'Inn  'i  ll  'Innulalimi  ralr'  with  1/ am 
phrtammr  hut  nut  with  I umphrtnmiur 
supports  I hr  lint  mil  that  lintailfrtii  ruir  lilnl' 
nr  nil  hi  It  hr'  air  M'|  mil'll  ijr  h i|  'ill  >t  II 1 1 Ilia 
1 mn  111  till'  aii  a I'lir  lart  l hat  mir  ran  nhtain 
nili aart  ini'  hrtwt-ou  tlni'al  liriini  'trm  aliil 
In  |intlialaiinr  «r||'-'i niuilat mil  i'  tint  rim 
rlll'ivr  'ti|i|inrt  n|  t hr  aruummt  that  thr 
Ini'll'  rnrrillrU'  is  a 'i  ll  'tilnulatlnii  Mtr,  Inn 
It  I'  rnnuillriit  with  thr  1 hunt  that  thr  In, at' 
rnrr.ll  rii'  ha.'  rnimertmii'  with  tin  hv|m 
thalalini'  il.nl/nli.  HN.II  Mania  A Shimizu. 
l,.li-‘.  Olson  A I ll\r.  1 It?  J , I imrl'lrilt 
I It?  I I 

V la.'t  (mint  that  i'  n|  |>artinihtr  mtrrr't 
tn  thr  antlinf'  is  thr  relationship  n!  thr  pir' 
nit  'tllilir'  tn  ra|>iil  r\r  limvrtnrnt  (UlvMI 
'Irrp  rr'rarrh  .hmvrt  il'tli'li  atul  llnilrv 
ami  Morrison  , Idti'i  havr  'Imwn  that  thr 
Inni'  rnrnilrii'  is  involved  111  tnuunnii;  and 
inanitaniiliu  tnnir  asprrts  o|  KI'M  'lrr|i 
I hr  results  (Stniirr  A I liman,  III?.’,  Spirl 
man,  Mattiarr,  Strinrr,  A lllman,  III?:: 
showing  a reciprocal  relationship  hrlwnn 
ml rarramal  'i  ll  stimulation  and  l{l?M  'hvp 
I'  I'OUVergillg  rvidrlirr  lor  tilt!  contention 
that  thr  hit'll'  rnrnilrii'  i'  all  lilt  rarramal 
'rlt  'timulatmii  site. 
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I’ai'i  r |>rr.'ciitfii  at  thr  meeting  m'  thr  I’m  . Ini- 
inniiii'S  Siii'irn  . ('Iin  aun.  t »■  Inina  I Win 
Itnw  it.  ( i 1 1 A Mlllrl . \ I hew  aiding  and  | nut 
I'lnim  I'lTrrls  from  stimulating  tin-  same  |,ta,'r  in 
iln-  rat  ' brain.  Jou  mil  ,,1  ( ’o»i/ki,,i/i,  , 
/Vivsn>fi>i;n  a/  /V„dn/,„/i,  I HAS.  51.  (><<*•  t>7  I 
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ABSTRACT 


ACKERMANN,  R.  F. , S.  J.  ELLMAN,  R.  J.  BODNAR,  F.  JACKLER  and  S.  S. 
STEINER.  Behavioral  interactions  among  rat  brainstem  and  hypothalamic 
self-stimulation  sites.  PHYSIOL.  BEHAV.  Rats,  with  electrodes  in 
hypothalamus,  and  one  of:  locus  coeruleus,  periaqueductal  gray,  sub- 
stantia nigra  or  contralateral  hypothalamus,  were  tested  for  intra- 
cranial self-stimulation  (ICSS).  If  both  of  an  animal's  two  electrode 
sites  supported  ICSS,  simultaneous  stimulation  response  rates,  elicited 
at  near- threshold  intensities,  were  significantly  greater  than  the  sum 
of  the  rates  elicited  by  single-site  stimulation  at  the  same  intensities 
indicating  neurophysiological  interaction  between  the  ICSS  sites. 

If  only  one  site  supported  ICSS,  no  interaction  took  place.  The  mag- 
nitude of  interaction  between  ICSS  sites  was  estimated  by  comparing 
the  current  intensity  necessary  to  support  ICSS  responding  under  single 
stimulation  conditions  to  that  under  simultaneous  stimulation  conditions 
Obtained  interaction  estimates  were  site-dependent;  if  both  of  an 
animal's  ICSS  sites  were  sensitive  to  d-,  but  not.  1 -amphetamine, 
simultaneous  stimulation  threshold  reductions  were  relatively  small. 

If  one  site  was  sensitive  only  to  d-amphetamine,  but  the  other  sensi- 
tive to  both  isomers,  simultaneous  stimulation  threshold  reductions 
were  significantly  larger.  These  results  suggest  the  existence  of  two 
interacting  ICSS  systems. 


intracranial  self-stimulation  ventral  tegmental  area 

locus  coeruleus  periaqueductal  central  gray 

substantia  nigra  d-  and  1 -amphetamine 

hypothalamus  interactions 
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Studies  of  interaction  among  simultaneously  stimulated  intra- 
cranial self-stimulation  (ICSS)  sites  have  been  few,  and  largely  re- 
stricted to  studies  of  inhibitory  effects  of  stimulation  at  one  site 
upon  ICSS  elicited  from  another  site  (24,  25,  33).  Despite  their  ob- 
vious theoretical  importance,  studies  of  interaction  between  simultane- 
ously stimulated  ICSS  sites  have  been  rare,  perhaps  because  of  diffi- 
culties in  interpreting  their  results  (39).  Such  difficulties  notwith- 
standing, Albino  and  Lucas  (1)  reported  that  when  the  ventral  tegmentum 
and  septum  were  stimulated  nearly  simultaneously,  ICSS  response  rates 
were  greater  than  the  sum  of  response  rates  when  either  the  tegmentum 
or  septum  was  stimulated  alone.  From  these  data,  they  deduced  that 
there  was  a physiological  interaction  between  septal  and  tegmental 
ICSS  sites.  Subsequent  ICSS  studies  demonstrated  interactions  between: 
(1)  contralateral  hypothalamic  areas  (14,  37);  (2)  amygdala  and  hypo- 
thalamus (35);  (3)  posterior  hippocampus  and  hypothalamus  (16);  and 
(4)  locus  coeruleus  and  hypothalamus  (10).  Anatomical  evidence  (23) 
indicates  that  fibers  of  forebrain  limbic  structures  have  reciprocal 
connections  among  themselves  and  with  such  midbrain  nuclei  as  the  dorsal 
and  ventral  tegmental  nuclei,  the  ventral  tegmental  area  of  Tsai,  and 
ventral  portions  of  the  periaqueductal  gray.  Histofluorescence  and 
pharmacological  studies  have  shown  that  ascending  catecholaminergic 
fibers  innervate  these  forebrain  limbic  structures  (9,  20,  26,  38). 
Subsequent  studies  have  demonstrated  that  catecholamine-containing 
pontine  and  midbrain  structures  support  ICSS;  these  structures  include 
the  locus  coeruleus  (LC)  (8,  10,  12,  30),  the  dorsal  noradrenergic 
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bundle  (DNB)  (10,  27),  the  ventral  noradrenergic  bundle  (31),  the 
periaqueductal  noradrenergic  bundle  (5,  22),  the  mid-ventral  peri- 
aqueductal gray  (MV)  (11,  19),  and  the  substantia  nigra  (SN)  (7,  32). 

The  present  study,  comprising  two  experiments,  was  an  attempt 
to  characterize  interactions  between  hypothalamic  (HYP)  and  tegmental 
self-stimulation  sites.  In  Experiment  1,  dorsal  midbrain  and  pontine 
ICSS  sites  were  surveyed  for  interaction  with  hypothalamic  ICSS  sites. 

In  Experiment  2,  an  estimate  of  the  magnitude  of  interactions  was  ob- 
tained. Finally,  the  data  from  Experiment  2 were  analyzed  together 
with  previously  published  d-  and  1-amphetamine  ICSS  data  (10,  11.  27, 

28)  in  an  attempt  to  determine  if  the  magnitudes  of  interactions  between 
sites  corresponds  with  their  sensitivities  to  the  amphetamine  isomers. 

EXPERIMENT  1 

Experiment  1 investigated  interactions  between  the  following 
combinations  of  electrode  sites:  (a)  l. C/HYP  (or  DNB/HYP);  (b)  MV/HYP; 
(c)  SN/HYP;  (d)  HYP/contralateral  HYP;  and  (e)  LC/SN.  Interactions 
between  electode  sites  were  measured  in  terms  of  increased  response 
rates  when  sites  were  stimulated  simultaneously  compared  to  the  sum 
of  the  response  rates  when  either  site  of  a pair  was  stimulated  alone. 

Method 

A.  Subjects  and  Surgical  Procedure 

Twenty-six  male  Sprague-Dawley  (Holtzman)  albino  rats  (375-500  g) 
were  anesthetized  with  Equithesin  (Jensen;  1 ml/kg),  placed  in  a Kopf 
stereotaxic  instrument  and  implanted  with  either  two  or  three  bipolar 
electrodes  (Plastic  Products).  Each  bipolar  electrode  was  made  of 
two  intertwined  strands  of  stainless  steel  wire  (0.3  mm  diameter) 
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completely  insulated  except  at  the  tips,  which  were  0.05-0.10  mm  apart. 
After  surgery,  animals  were  housed  individually  and  had  access  to  food 
and  water  ad  libitum. 

Electrode  implants,  comprising  two  bipolar  electrodes,  were  aimed 
at  the  following  site  combinations:  (a)  LC  and  HYP;  (b)  SN  and  HYP; 

(c)  MV  and  HYP;  (d)  left  and  right  HYP;  (e)  SN  and  LC.  Impants  comprising 
three  bipolar  electrodes  were  aimed  at  the  following  site  combinations: 

(a)  LC,  MV  and  HYP;  (b)  LC,  SN  and  HYP;  and  (c)  LC,  left  HYP  and  right  HYP. 

With  the  incisor  bar  always  set  at  -5  mm,  HYP  coordinates  were 
4. 2-4. 4 mm  posterior  to  bregma,  1.5  mm  lateral  to  the  sagittal  suture, 
and  8.7  mm  from  the  top  of  the  skull.  LC  coordinates  were  1. 5-2.0  mm 
posterior  to  lambda,  1.0  mm  lateral  to  the  sagittal  suture,  and  7.0  mm 
from  the  top  of  the  skull.  SN  coordinates  were  2.0  mm  anterior  to 
lambda,  2.0  mm  lateral  to  the  sagittal  suture,  and  8.2  mm  from  the  top 
of  the  skull.  MV  coordinates  were  0.6  mm  anterior  to  lambda,  1.5  mm 
lateral  to  the  sagittal  suture,  and  7.5  mm  from  the  top  of  the  skull 
and  angled  at  12  toward  the  mid-sagittal  plane.  In  animals  implanted 
with  3 bipolar  electrodes,  LC  and  HYP  electrodes  were  ipsilateral  to 
each  other,  while  the  SN  electrodes  were  contralateral  to  the  other 
two.  MV  electrodes  entered  the  brain  contralateral  to  HYP  and  LC 
electrodes,  but  their  tips  were  located  near  the  mid-sagittal  plane. 

B.  Apparatus  and  Preliminary  Testing 

Ten  days  after  surgery,  each  animal  was  shaped  to  lever-press  in 
an  operant  conditioning  chamber  (20  * 20  * 23  cm),  constructed  of 
Plexiglas  and  stainless  steel.  A 2 ' 4.5  cm  retractable  lever  (Scientific 
Prototype)  was  located  4 cm  above  the  grid  floor  on  one  wall  of  the 
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chamber.  A force  of  0.2  N was  sufficient  to  depress  the  lever  and 
constituted  a response.  Electromechanical  and  solid-state  switching 
circuitry  in  an  adjacent  room  monitored  animals'  behavior,  recorded 
minute-by-minute  response  rates,  and  controlled  contingencies  of  re- 
inforcement. Reinforcements  consisted  of  250  msec  trains  of  sinusoidal 
60  Hz  waves  delivered  on  a continuous  reinforcement  schedule,  and  passed 

n 

through  either  one  or  both  of  an  animal's  two  bipolar  electrodes,  de- 
pending upon  the  experimental  condition.  Current  intensity  was  held 
constant  within  trials  and  varied  between  trials  according  to  the  demands 

H 

of  the  experiment.  In  addition,  wave  form  and  stimulus  intensity  were 
continuously  monitored  by  observing  on  a differential  input  oscilloscope 
(Hewlett-Packard)  the  voltage  drop  across  a 1,000  ohm  resistor  in  series 
with  the  animal.  Current  fluctuations  were  maintained  within  one  percent 
by  placing  a 100,000  ohm  resistor  in  series  with  the  animal. 

Animals  were  shaped  for  a minimum  of  15  successive  daily  sessions 
at  a variety  of  current  intensities  (5-200  uA)  in  each  electrode  site. 

Animals  which  did  self-stimulate  from  at  least  one  of  their  electrode 
sites  were  continued  in  testing  on  the  following  schedule  in  order  to 
determine  rate-intensity  functions  for  each  site.  Rate-intensity 
functions  were  determined  in  daily  48-min  sessions  which  were  divided 
into  six  7-min  periods;  changes  in  current  intensity  occurred  during 
1-min.  timeouts  between  successive  7-min.  periods.  Data  from  the  first 
2 min.  of  each  7-min.  period  were  disregarded.  The  mean  response  rates 
over  the  last  5 min.  of  each  7-min.  period  were  recorded  and  constituted 
the  dependent  variable  in  all  conditions.  Current  intensities  utilized 
in  determining  rate- intensity  functions  were  chosen  in  accordance  with 
the  following  criteria:  the  first  intensity  was  sufficiently  low  so 
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that  the  animal's  mean  response  rate  over  the  last  5 min.  of  the  period 
was  below  an  arbitrarily  defined  response  threshold  (usually  10  responses 
per  min.).  The  fifth  intensity  sustained  self-stimulation  behavior 
at  rates  which  approached  or  reached  highest  response  rates.  The  second, 
third,  and  fourth  intensities  elicited  response  rates  which  were  between 
threshold  and  peak  intensity  response  rates.  Responses  during  the 
final  7-min  period  resulted  in  no  stimulation  (extinction).  Rate- 
intensity  functions,  averaged  over  5 days,  were  determined  for  each 
electrode  site  in  each  animal. 

C.  Histology 

After  completion  of  the  experiment,  animals  were  overdosed  with 
Equithesin  [2  ml)  and  perfused  with  normal  saline  followed  by  10 
formalin.  Serial  frozen  sections  were  cut  at  40  microns  thickness, 
stained  with  luxol  fast  blue  and  cresyl  violet  (17),  and  electrode 
locus  was  determined  by  comparison  with  the  Konig  and  Klippel  rat 
brain  atlas  (18). 

Procedure 

Animals  demonstrating  ICSS  behavior  in  at  least  two  electrode 
sites  were  termed  double  pressers;  animals  demonstrating  ICSS  behavior 
in  only  one  electrode  site  were  controls.  After  determination  of  a 
rate-intensity  function  for  each  electrode  site,  the  double  pressers 
began  the  following  protocol,  represented  in  Table  1 for  a typical 
animal . 


\ 
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INSERT  TABLE  1 ABOUT  HERE 


Every  day,  each  double  presser  lever-pressed  during  a 70-min. 
session  which  was  divided  into  ten  7-min.  periods.  As  before,  data 


6 


from  the  last  5 min.  of  each  7-min.  period  were  recorded. 

During  the  first,  third,  fifth,  and  seventh  7-min.  periods, 
responses  resulted  in  no  stimulation  (extinction);  the  purpose  of  these 
interspersed  extinction  periods  was  to  reduce  any  contrast  effects 
between  successive  stimulation  periods.  During  Period  2,  responses 
resulted  in  delivery  of  subthreshold  stimulation  to  one  electrode  site 
(single  stimulation).  During  Period  4,  responses  resulted  in  delivery 
of  subthreshold  stimulation  to  the  other  electrode  site  (single  stimu- 
lation). During  Period  6,  responses  resulted  in  simultaneous  delivery 
of  subthreshold  stimulation  to  both  sites  (simultaneous  stimulation) 
at  the  same  intensities  as  in  Periods  2 and  4.  During  Period  8,  responses 
resulted  in  delivery  of  subthreshold  stimulation  to  the  electrode  site 
which  had  elicited  the  higher  response  rate  during  the  earlier  single 
stimulation  periods.  This  condition  was  included  to  insure  that  the 
response  rate  elicited  under  the  simul taneous  stimulation  condition 
was  due  to  interaction  between  the  two  sites  and  not  due  to  any  spon- 
taneous increase  in  responding  by  one  site  alone.  During  Periods  9 
and  10,  responses  resulted  in  delivery  of  a stimulation  intensity 
which  elicited  peak  response  rates  for  each  respective  electrode  site. 

Peak  response  rates  for  each  site  were  monitored  in  order  to  discern 
any  shifts  in  rate- intensity  functions,  and  also  to  maintain  behavior 
in  the  face  of  the  many  extinction  periods  comprised  by  this  paradigm. 

This  procedure  was  repeated  daily  over  five  days  for  each  animal. 


INSERT  TABLE  2 ABOUT  HERE 
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The  procedure  was  modified  for  control  animals  because  they  did 
not  sel f-stimulate  for  any  current  intensity  at  one  of  their  electrode 
sites.  Table  2 presents  the  protocol  for  a typical  control  animal. 

Each  control  animal  was  tested  in  a 56-min.  session  divided  into  eight 
7-min.  periods.  During  Periods  1,  3,  and  5,  responses  resulted  in  no 
stimulation  (extinction).  During  Periods  ?.  and  6,  responses  resulted 
in  delivery  of  stimulation  to  the  animal's  only  I CSS  site  at  an  intensity 
which  elicited  10-25  responses  per  min.  (single  stimulation).  During 
Period  4,  responses  resulted  in  simultaneous  stimulation  comprising: 

(1)  the  same  intensity  as  in  Period  2 to  the  1 CSS  site,  and  (2)  one  of 
a variety  of  current  intensities  (5-200  uA)  to  the  site  which  did  not 
support  ICSS.  During  Period  7,  responses  resulted  in  delivery  of  the 
same  stimulation  intensity  to  the  non-ICSS  site  as  in  Period  4;  this 
insured  that  this  non-ICSS  site  still  did  not  support  ICSS  following 
the  simultaneous  stimulation  condition.  During  Period  8,  responses 
resulted  in  delivery  to  the  ICSS  site  of  the  stimulation  intensity 
which  elicited  peak  response  rates.  This  procedure  was  repeated  over 
approximately  40  days  for  each  control  animal ; the  current  intensity 
delivered  to  the  non-ICSS  site  was  changed  from  day  to  day. 

Resul t s 

Twenty-six  animals  completed  Experiment  1;  in  25  animals  one  pair 
of  electrode  sites  was  tested  and  in  one  animal  two  different  electrode 
site  combinations  were  tested.  In  22  of  the  27  electrode  site  combina- 
tions, both  electrode  sites  supported  ICSS.  In  the  remaining  5 electrode 
site  combinations,  only  one  of  the  two  electrodes  supported  ICSS.  Table 
3 summarizes  the  data  collected  in  Experiment  1. 
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INSERT  TABLE  3 ABOUT  HERE 


The  data  for  each  site  combination  were  analyzed  separately;  for 
each  of  the  22  double  presser  combinations,  the  response  rate  under 
simultaneous  stimulation  was  significantly  higher  (correlated  difference 
score  t-tests,  p ^ .05)  than  the  sum  of  the  response  rates  of  the  two 
single  stimulation  conditions.  These  results  were  true  regardless  of 
the  locus  of  the  two  ICSS  electrodes  (Table  3).  By  contrast,  for  each 
of  the  five  control  combinations,  there  was  no  significant  difference 
(correlated  difference  score  t-tests,  p ' .05)  between  the  simultaneous 
stimulation  condition  and  the  sinule  stimulation  condition  of  the  ICSS 
site  regardless  of  the  intensity  delivered  to  the  non-ICSS  site;  if 
one  of  the  electrode  sites  was  neutral,  then  simultaneous  stimulation 
of  both  sites  did  not  result  in  response  rate  enhancement.  The  control 
group  included  both  tegmental  and  HYP  non-ICSS  placements,  including 
one  near  the  HYP  (Rat  43F),  one  near  the  MV  (Rat  8F),  one  near  the  SN 
(Rat  79F),  and  two  near  the  LC  (Rats  22E  and  23E). 

INSERT  FIGURE  1 ABOUT  HERE 


Figure  1 illustrates  the  differential  effects  of  simultaneous^ 
stimulation  in  a double  presser  (74E)  as  compared  to  a control  animal 
(79F).  Rat  74E,  shown  on  the  left,  self-stimulated  from  both  electrode 
sites,  while  Rat  79F,  shown  on  the  right,  self-stimulated  from  the  HYP 
but  not  from  the  tegmentum.  Rat  74E,  the  double  presser,  shows  clear 
enhancement  in  response  rate  in  the  simultaneous  stimulation  condition 
as  compared  to  the  response  rates  elicited  in  the  single  stimulation 
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conditions.  It  is  equally  clear  that  no  matter  which  current  intensity 
was  employed  at  the  non-ICSS  site,  the  control  animal,  79F,  did  not 
show  enhancement  in  response  rate  during  the  simultaneous  stimulation 
condition. 

EXPERIMENT  2 

Experiment  1 demonstrated  that  numerous  tegmental  ICSS  sites 
interact  with  HYP  ICSS  sites  at  suhthreshold  intensities  to  support 
suprathreshold  levels  of  ICSS  It  could  be  argued  that  response  rates 
under  simul taneous  stimulation  are  not  an  adequate  measure  of  the 
magnitude  of  interaction  between  two  ICSS  sites  because  several  studies 
(39,  40)  have  demonstrated  that  stimulation  eliciting  low  response 
rates  is,  under  some  circumstances,  chosen  by  rats  over  stimulation 
eliciting  higher  response  rates.  Also,  different  ICSS  sites  within 
the  same  animal  can  have  disparate  peak  response  rates,  making  it 
difficult  to  compare:  (a)  across  sites  within  a given  animal,  and/or 
(b)  across  animals  at  the  same  sites.  Therefore,  a different  measure 
of  the  rewarding  properties  of  the  interaction,  independent  of  response 
rate,  was  necessary.  The  measure  chosen  was  the  reduction,  under 
simultaneous  stimulation,  in  the  current  intensity  required  to  support 
the  threshold  response  rate  (10  responses/min. ) . 

Procedure 

Seventeen  double  pressers  were  continued  from  Experiment  1 into 
Experiment  2.  The  subthreshold  intensities  which  would  support  simultaneous 
stimulation  interactions  were  determined  for  each  site.  Then  a modified 
psychophysical  method  of  limits  was  employed  to  determine  stimulation 
intensity  thresholds  under  the  simultaneous  stimulation  condition; 
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Table  4 illustrates  this  protocol  in  a representative  animal.  With 
one  exception  (7E)  current  intensity  was  held  at  a constant,  subthreshold, 
intensity  at  the  HYP  (constant  site)  and  systematical ly  varied  at  the 
tegmental  site  (varied  site).  At  the  initial  current  intensities 
simultaneous  stimulation  resulted  in  suprathreshold  response  rates 
("10  responses/mi n. ) . Then,  current  intensity  at  the  varied  site  was 
reduced  over  successive  days  in  steps  of  1.4  viA  per  day  until  simul taneous 
stimulation  failed  to  support  suprathreshold  response  rates.  When  this 
occurred,  the  same  varied  site  intensity  was  repeated  on  the  following 
day.  If  simultaneous  stimulation  supported  suprathreshold  response 
rates  on  the  second  day,  the  schedule  of  daily  1.4  viA  decrements  was 
resumed  on  the  following  day  until  simultaneous  stimulation  ultimately 
failed  to  support  suprathreshold  responding  on  two  successive  days. 

This  modification  of  the  method  of  limits  insured  that  a random  failure 
to  respond  on  any  given  day  would  not  confound  the  threshold  determination. 
Upon  an  animal's  failure  to  respond  at  suprathreshold  rates  under  the 
simultaneous  stimulation  condition  on  two  successive  days,  the  procedure 
was  reversed  and  current  intensity  at  the  varied  site  was  increased 
over  successive  days  in  steps  of  1.4  m A per  day  until  suprathreshold 
response  rates  were  once  again  attained  on  two  successive  days  in  the 
simultaneous  stimulation  condition,  and  then  increased  further  until 
suprathreshold  response  rates  were  attained  on  two  successive  days  at 
the  varied  site  in  the  sjin^le  stimulation  condition.  For  each  varied 
site,  two  alternating  descending  and  ascending  sequences  of  intensities 
were  run,  and  an  overall  varied  site  single  stimulation  threshold  and 
simul taneous  stimulation  threshold  were  determined  for  each  pair  of 
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sites.  The  magnitude  of  the  difference  between  a varied  site's  single 
stimulation  threshold  intensity  and  simul taneous  stimulation  threshold 
intensity  was  considered  a measure  of  the  interaction  between  the  two 
electrode  sites. 

INSERT  TABLES  4 AND  5 ABOUT  HERE 

Results 

In  16  of  17  animals,  the  interaction  between  one  pair  of  electrode 
sites  was  tested  and  in  one  animal  two  different  electrode  site  combina- 
tions were  tested.  The  magnitude  of  the  difference  between  each  varied 
site's  single  stimulation  and  simultaneous  stimulation  thresholds  ranged 
between  1.6  and  16.5  uA.  For  every  electrode  site  combination,  the 
threshold  intensity  in  the  varied  site  was  significantly  lower  (sign 
test,  p .05)  in  the  simul taneous  stimulation  condition  than  in  the 
single  stimulation  condition.  Table  5 summarizes  the  data  collected 
in  Experiment  2. 

INSERT  FIGURES  2 AND  3 ABOUT  HERE 

Figures  2 and  3 show  the  differences  between  the  varied  sites' 
single  stimulation  and  simultaneous  stimulation  threshold  intensities 
across  successive  threshold  determinations.  Figure  2a  indicates  the 
differences  over  successive  threshold  determinations  for  a representative 
animal  in  the  LC/HYP  group;  in  this  group  varied  site  threshold  re- 
ductions ranged  between  1.6  and  8.5  uA.  Figure  3a  displays  similar 
data  for  a representative  animal  in  the  periaqueductal  gray/HYP  group; 
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threshold  reductions  in  this  group  ranged  between  3.4  and  14.4  pA. 

Figure  3b  shows  a representative  animal  for  the  SN/HYP  group  for  which 
reductions  in  varied  site  thresholds  ranged  between  3.2  and  16.5  uA. 

Figure  2b  shows  a representative  animal  for  the  HYP/contral ateral  HYP 
group  for  which  reductions  in  varied  site  thresholds  ranged  between 
1 .6  and  12.4  pA. 

Analysis 

Based  on  pharmacological  data,  three  different  catecholamine- 
mediation  hypotheses  have  been  offered  to  account  for  ICSS:  (1)  ICSS 
is  mediated  primarily  by  norepinephrine  (2,  30,  31,  34);  (2)  ICSS  is 
mediated  primarily  by  dopamine  (4,  21);  (3)  ICSS  is  mediated  by  both 
norepinephrine  and  dopamine  with  either  transmitter  sufficient  (11,  27,  28). 

Snyder  and  his  colleagues  (6,  36)  have  suggested  that  behavioral 
effects  elicited  by  d-amphetamine  or  1 -amphetamine  can  be  employed  to 
differentiate  between  norepinephrine  mediation  or  dopamine  mediation 
of  particular  behaviors.  Following  them,  Phillips  and  Fibiger  (28) 
have  suggested  that  norepinephrine-rich  and  dopamine-rich  ICSS  sites 
can  be  differentiated  on  the  basis  of  their  relative  sensitivity  to 
1-amphetamine.  They  found  that  norepinephrine-rich  sites  are  insensitive 
to  1 -amphetamine  while  very  sensitive  to  d-amphetamine;  by  contrast, 
at  dopamine- rich  sites  the  two  amphetamine  isomers  are  nearly  equi potent 
because  these  sites  are  more  sensitive  to  1-amphetamine  and  less  sensitive 
to  d-amphetamine  as  compared  to  norepinephrine-rich  sites.  Of  the  ICSS 
sites  tested  in  the  present  study,  the  following  were  known  from  previous 
studies  to  be  sensitive  to  d-amphetamine,  but  not  to  1 -amphetamine  ("d" 
sites):  (a)  the  LC  (DNB)  (10,  11,  27);  (b)  an  area  adjacent  to  the 
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ventral  tegmental  nucleus  (10);  (c)  the  dorsal  longitudinal  fasciculus 
(DLF)  (Ackermann  et  al . , in  preparation);  (d)  the  medial  forebrain 
bundle  and  perifornical  area  (10,  28);  and  (e)  the  crus  cerebri/nigro- 
striatal  tract  (Farber  et  al . , in  preparation).  Of  the  ICSS  sites 
tested  in  the  present  study,  the  following  were  known  from  previous 
studies  to  be  sensitive  to  both  d-amphetamine  and  1-amphetamine  ("1" 
sites);  (a)  the  MV  (11)  and  (b)  SN,  pars  compacta  (28).  Therefore, 
on  the  basis  of  each  electrode  site's  known  sensitivity  to  d-  and  1- 
amphetamine,  electrode  pairs  were  grouped  into  the  following  three 
categories:  Group  A,  comprising  pairs  in  which  both  electrodes  impinged 
on  “d"  loci;  Group  B,  in  which  one  electrode  impinged  on  a "d"  locus 
and  the  other  electrode  on  an  "1"  locus;  and  Group  C,  consisting  of 
only  one  electrode  pair  in  which  one  electrode  impinged  on  a "d"  locus 
and  the  other  electrode  on  a locus  which  has  not  been  tested  with  d- 
and  1-amphetamine. 

The  ten  electrode  pairs  in  Group  A included  all  six  LC  (DNB)/HYP 
pairs,  three  of  the  four  HYP/contralateral  HYP  pairs  (Table  5A;  Fig.  2a, b), 
and  one  of  the  periaqueductal  gray  area/HYP  pairs  (Rat  40E)  (Table  5A; 

Fig.  2c)  which  sorted  into  Group  A because  its  periaqueductal  electrode 
was  located  in  the  lateral  periaqueductal  area  from  which  response 
enhancements  under  d-,  but  not  1 -amphetamine  were  obtained.  Group  A 
electrode  pairs  had  a mean  threshold  reduction  of  4.5  yA  with  a range 
of  1.6  to  8.5  yA.  The  veracity  of  the  assigned  drug  designation  was 
confirmed  by  actually  testing  three  of  the  ten  animals  in  this  group 
under  the  d-  and  1 -amphetamine  screening  procedure  (11);  these  three 
animals  had  electrode  sites  which  were  inclusive  of  all  of  the  loci  in 
Group  A. 
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Group  B comprised  seven  electrode  pairs.  One  electrode  of  each 
Group  B pair  was  in  the  lateral  hypothalamus,  a "d"  site,  and  the  second 
electrode  was  in  one  of  two  "1"  sites,  either  the  MV  (n  = 3)  or  the 
SN  (n  = 3)  (Table  5B;  Fig.  3a, b).  A third  "1"  site  in  Group  B was  a 
single  HYP  electrode  (Table  5B;  Fig.  3c  Rat  68F)  located  in  the  anterior 
nucleus  of  the  hypothalamus,  which,  unlike  all  other  HYP  sites  tested 
in  this  laboratory,  was  equally  sensitive  to  d-  and  1 -amphetamine. 

This  result  is  perhaps  accounted  for  by  recent  histofluorescent  evidence 
that  a dopaminergic  incertohypothalamic  fiber  system  traverses  the 
anterior  nucleus  of  the  hypothalamus  (3).  Group  B site  combinations 
had  a mean  threshold  reduction  under  simul taneous  stimulation  of  12.8  pA 
with  a range  of  9.1  to  16.5  viA.  The  veracity  of  the  assigned  drug 
designation  was  confirmed  by  actually  testing  three  of  the  seven  animals 
in  this  group  under  the  d-  and  1 -amphetamine  screening  procedure  (11); 
these  three  animals  had  electrode  sites  which  were  inclusive  of  all  of 
the  loci  in  Group  B. 

There  is  a significant  difference  (Mann-Whi tney  U Test,  p * .05) 
between  the  threshold  reductions  of  Group  A sites  and  Group  B sites; 
in  fact,  there  is  no  overlap  in  the  two  groups'  values. 

Group  C comprised  a single  site  combination  in  which  one  of  the 
two  electrode  sites  was  the  SN,  pars  reticulata,  which  has  thus  far 
not  been  tested  under  d-  and  1-amphetamine.  The  threshold  reduction 
for  the  HYP/SN,  pars  reticulata  site  combination  is  considerably  less 
than  the  other  HYP/SN  site  combinations  (Table  5C).  This  site  combination 
was  excluded  from  Group  B because  the  SN,  pars  reticulata:  (a)  is  not 
dopaminergic  (38)  and  (b)  differs  from  the  pars  compacta  in  its  projections 
(29). 
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Discussion 

These  results  indicate  that  tegmental  ICSS  sites  interact  with 
HYP  ICSS  sites  and  interact  among  themselves.  Furthermore,  such  inter- 
actions are  systematic;  that  is,  each  site  combination  has  a character- 
istic threshold  reduction  under  simultaneous  stimulation  which  remains 
stable  over  several  threshold  determinations  which  require  many  weeks 
to  obtain.  This  consistency  is  quite  remarkable  when  one  considers 
the  difficulty  of  the  discriminations  required  by  the  present  experi- 
mental paradigm  in  which  increments  or  decrements  in  current  intensity 
are  small  (1.4  uA)  and  are  made  over  days.  Threshold  reductions  were 
consistent  not  only  within  pairs  of  sites  within  particular  animals, 
but  also  across  similar  site  combinations  in  different  animals.  For 
example,  LC/HYP  site  combinations  show  consistently  small  threshold 
reductions  (1.6  to  8.5  viA) , while  SN,  pars  compacta/HYP  site  combina- 
tions show  consistently  larger  threshold  reductions  (9.1  to  16.5  uA). 

When  both  of  two  electrode  loci  are  reactive  to  d-,  but  not  1- 
amphetamine,  small  threshold  reductions  occur  under  simul taneous^  stimu- 
lation. However,  when  one  of  the  two  electrode  loci  is  equipotently 
reactive  to  d-  and  1-amphetamine,  large  threshold  reductions  occur 
under  simultaneous  stimulation.  These  results  imply  that  physiological 
interactions  between  sites  which  are  dissimilar  in  their  reactivity 
to  d-  and  1 -amphetamine  are  greater  than  physiological  interactions 
between  sites  which  are  similar  in  their  reactivity  to  d-  and  1 -amphetamine. 
These  results  cannot  have  been  caused  by  passive  current  spread  between 
electrodes  because:  (1)  the  magnitude  of  the  threshold  reduction  under 
simultaneous  stimulation  was  independent  of  the  proximity  of  the  two 
sites;  i.e.,  the  smallest  threshold  reductions  were  obtained  from  both 
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the  least  distant  (HYP/HYP)  and  the  most  distant  (LC/HYP)  electrode 
site  combinations;  (2)  the  magnitude  of  the  threshold  reduction  under 
simul taneous  stimulation  was  independent  of  the  total  amount  of  administered 
current,  i.e.,  the  total  current  delivered  to  Groups  A and  B was  not 
significantly  different  (Mann-Whi tney  U Test,  p > .05);  (3)  control 
animals  failed  to  demonstrate  interactions  under  simultaneous  stimula- 
tion with  an  ICSS  site  regardless  of  the  proximity  of  the  electrodes 
and  regardless  of  the  intensity  delivered  to  the  non-ICSS  site;  and 
(4)  intensity  increments  (1.4  yA)  had  a much  greater  effect  in  increasing 
responding  under  the  simul taneous  stimulation  condition  than  did  the 
same  increments  under  the  single  stimulation  conditions;  this  result 
is  the  opposite  of  what  would  be  predicted  by  a current-spread  hypothesis. 

Coyle  and  Snyder  (6)  reported  that  both  amphetamine  isomers  increase 
reuptake  by  dopaminergic  synaptosomes  equally  well  while  d-amphetamine 
increases  reuptake  significantly  better  than  1 -amphetamine  in  non- 
dopaminergic  synaptosomes.  Based  on  this  finding,  they  suggested  that 
behaviors  could  be  characterized  as  being  dopamine-mediated  or  norepine- 
phrine-mediated, depending  on  the  relative  ability  of  the  d-  or  1- 
isomers  to  facilitate  them.  Taylor  and  Snyder  (36)  found  that  d-amphetamine 
was  ten  times  as  effective  as  1 -amphetamine  in  increasing  locomotor 
behavior,  while  d-amphetamine  was  only  twice  as  potent  as  1 -amphetamine 
in  inducing  compulsive  gnawing  behavior.  Thus,  they  asserted  that 
locomotor  activity  is  norepinephrine-mediated,  while  compulsive  gnawing 
is  dopamine-mediated.  However,  Coyle  and  Snyder's  (6)  original  finding 
that  noradrenergic  and  dopaminergic  endings  are  differentially  sensitive 
to  d-  and  1 -amphetamine  has  subsequently  been  contradicted  (13,  15); 
d-amphetamine  is  only  several  times  more  effective  than  1 -amphetamine 
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i?i  blocking  release  and  reuptake  of  norepinephrine,  and  the  isomers 
show  the  same  differential  sensitivity  for  both  noradrenergic  and 
dopaminergic  neurons.  Nevertheless,  Taylor  and  Snyder's  (36)  behavioral 
data  are  still  unchallenged.  The  effect  of  d-  and  1 -amphetamine  on 
ICSS  behavior  depends  on  the  locus  of  the  electrode.  ICSS  elicited 
from  norepinephrine-rich  areas  (LC,  lateral  hypothalamus)  is  very 
sensitive  to  d-amphetamine  but  almost  refractory  to  1 -amphetamine. 

On  the  other  hand,  ICSS  elicited  from  dopamine-rich  areas  (SN,  nucleus 
accumbens)  is  nearly  equally  sensitive  to  d-  and  1 -amphetamine.  There- 
fore, it  seems  that  the  d-  and  1 -amphetamine  isomers  can  be  employed 
to  differentiate  between  norepinephrine-rich  and  dopamine-rich  areas, 
even  though  the  mechanism  for  such  differentiation  must  at  present 
be  considered  unknown. 

That  large  simultaneous  stimulation  threshold  reductions  are 
obtained  from  combinations  of  sites  displaying  dissimilar  reactions 
to  d-  and  1 -amphetamine  (MV/HYP,  SN/HYP)  suggests  that  larger  threshold 
reductions  are  due  to  activation  and  interaction  of  two  distinct  systems, 
one  d-amphetamine  sensitive,  1-amphetamine  insensitive  ("d"  sensitive), 
the  other  sensitive  to  both  isomers  ("1"  sensitive).  That  small  threshold 
reductions  are  obtained  when  both  electrodes  of  a site  combination  have 
similar  reactions  to  d-  and  1-amphetamine  (LC/HYP,  DLF/HYP,  HYP/HYP) 
suggests  that  small  threshold  reductions  are  due  to  activation  and  inter- 
action of  structures  within  the  same  (in  this  case,  the  "d")  system. 

Thus,  we  suggest  that  when  either  MV/HYP  or  SN/HYP  site  combina- 
tions are  stimulated  simultaneously,  two  systems,  one  "d"  sensitive 
and  therefore  possibly  noradrenergic,  and  one  "1"  sensitive  and  therefore 
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possibly  dopaminergic,  are  activated;  one  system  potentiates  the 
effect  of  the  other.  Simultaneous  activation  of  the  two  systems  in- 
creases their  mutual  potentiation,  thus  resulting  in  large  response 
enhancements . 

In  summary,  the  simultaneous  stimulation  technique  further  demon- 
strates differentiation  of  ICSS  functioning  and  lends  independent  support 
to  two  hypotheses:  (a)  that  at  least  two  neurochemical ly  coded  ICSS 
systems  exist  and  interact  with  each  other,  and  (b)  that  the  d-  and 
1 -amphetamine  screening  procedure  can  differentiate  among  ICSS  sites. 
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FIGURE  LEGENDS 

Figure  1 

Number  of  ICSS  responses  per  minute  as  a function  of 
tegmental  current  intensity  and  stimulation  condition  for  two 
animals:  (1)  Rat  74E,  a double  presser  and  (2)  Rat  79F,  a 

control  animal.  ICSS  rates  elicited  by  stimulating  the  non- 
ICSS  site  alone  were  always  less  than  10  responses  per  minute. 

Figure  2 

Current  intensity  at  the  varied  site  as  a function  of  stimu- 
lation condition  and  threshold  determination  for  three  animals 
in  which  both  electrodes  were  sensitive  to  d-,  but  not 
1-amphetamine.  In  the  first  and  third  threshold  determinations 
current  intensity  was  gradually  reduced,  while  in  the  second 
and  fourth  threshold  determinations  current  intensity  was 
gradually  increased. 


Figure  3 

Current  intensity  at  the  varied  site  as  a function  of 
stimulation  condition  and  threshold  determination  for  three 
animals  with  electrode  site  pairs  in  which  one  site  was 
sensitive  to  d-,  but  not  1 -amphetamine , while  the  other  site 
was  equally  sensitive  to  both  isomers.  In  the  first  and  third 


threshold  determinations  current  intensity  was  gradually 
reduced,  while  in  the  second  and  fourth  threshold  determinations 
current  intensity  was  gradually  increased. 
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DIRECTIONALITY  OF  NEUROPHYSIOLOGICAL  INTERACTIONS  BETWEEN  BRAINSTEM  AND 
HYPOTHALAMIC  SELF- STIMULATION  LOCI  IN  RATS.  Richard  J.  Bodnar*, 

Steven  J.  F.llman,  Robert  F.  Ackermann*,  Edward  R.  Greenblatt*,  Solomon  S. 
Steiner*  (Dept.  Psvch.t  CUNY,  New  York,  N.Y.  10031)  and  Edgar  F.  Coons 
(Dept.  Psych.,  New  York  Univ. , New  York,  N.Y.). 

F.llman  et  al.  (JCPP  88:816,  1975)  using  sinusoidal  stimulation  found 
that  locus  coeruleus  (LC)  and  hypothalamic  (HYP)  Intracranial  self- 
stimulation  (ICSS)  response  rates  are  enhanced  when  the  two  sites  are 
stimulated  simultaneously  at  threshold  intensities  as  compared  to  the  sum 
of  response  rates  elicited  bv  each  site  alone  at  the  same  intensities, 
suggesting  neurophysiological  interaction  between  the  two  sites.  Farber 
et  al . (Science,  in  press)  demonstrated  that  LC  lesions  reduce  or 
abolish  ICSS  In  HYP  sites  with  nigro-  and  neo-striatal  influences,  but 
do  not  affect  medial  forebrain  bundle  ICSS.  Ungerlelder  and  Coons 
(Science  169:785,  1970)  using  Deutsch's  (JCPP  58:1,  1964)  C-T  technique 
found  that  with  bilateral  HYP  stimulation  [C(condit ioning)  pulse  in  the 
left  HYP,  T (test)  pulse  in  the  right  HYP  or  vice  versa],  a neurophysio- 
logical interaction  occurs  such  that  refractoriness  is  eliminated.  Tn 
order  to  determine  the  neurophysiological  relationship  between  brain- 
stem and  HYP  ICSS  sites,  twelve  rats  were  stereotaxicallv  implanted  with 
one  electrode  aimed  at  the  HYP  and  a second  at  either  the  LC  or  peri- 
aqueductal midbrain  central  grav  (PMCG) . Each  rat  was  trained  to 
bar-press  for  monophasic  square-wave  electrical  stimulation:  a voltaee 
was  chosen  which  would  optimally  support  ICSS  rates  at  C-T  intervals 
outside  the  refractory  period,  but  yield  operant  level  responding  when 
the  T pulse  was  omitted.  To  determine  refractoriness  for  each  site, 
nine  C-T  intervals,  ranging  from  0 to  5.0  msec.,  were  randomly  pre- 
sented in  each  of  nine  days;  refractory  period  duration  for  each  site 
ranged  between  0.5  and  1.5  msec.  TTie  C and  T pulses  were  then  split 
between  the  two  sites  at  their  respective  voltages;  nine  davs  of 
C-HYP,  T-LC/PMCG  and  nine  days  of  C-LC/PMCC,  T-HYP , alternated  in  an 
abba  manner,  were  randonly  tested  over  the  nine  C-T  intervals  each  dav. 

In  nine  of  twelve  animals  stimulated  in  this  manner,  individual  site 
refractoriness  was  eliminated.  The  remaining  three  animals  did  not 
sel f -stimulate  at  one  electrode  site  and  when  either  the  C or  T pulse 
was  delivered  to  their  neutral  sites,  these  animals  pressed  at  only 
operant  levels,  as  though  they  were  receiving  pulses  only  in  their 
ICSS  sites.  Of  the  nine  animals  in  which  refractoriness  was  eliminated, 
four  animals  had  significantly  higher  response  rates  for  the  C-LC/PMCC, 
T-HYP  combination  than  for  the  C-HYP,  T-LC/PMCG  combination,  suggesting 
that  the  interaction  between  LC/PMCG  and  HYP  is  predominantly  an 
ascending  excitatory  Influence  of  the  LC/PMCG  upon  the  HYP.  In  the 
other  five  animals  in  which  refractoriness  was  eliminated,  response 
rates  were  similar  for  both  combinations.  However,  the  C-HYP,  T-LC/PMCG 
combination  generated  slightly  higher  rates,  suggesting  a weak  descending 
excitatory  influence  of  HYP  upon  LC/PMCG.  These  results  are  discussed 
with  respect  to  the  neuroanatomlcal  placement  of  electrodes. 
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Intracranial  self-stimulation  (ICSS)  behavior  has  been  demonstrated 
to  be  a reliable  and  consistent  phenomenon  elicited  from  many  sub- 
cortical brain  loci;  however,  the  substrate(s)  of  ICSS  behavior  have 
been  a source  of  continual  debate  for  several  reasons.  First,  ICSS 
is  usually  elicited  only  by  activation  of  many  reward-relevant  neurons 
and  only  by  electrodes  with  large  cross-sectional  areas,  often  greater 
than  the  diameter  of  the  specified  reward-relevant  site  (33).  Second, 
it  is  often  difficult  to  estimate  the  amount  of  tissue  which  is  directly 
activated  by  the  stimulation  and  the  extent  of  the  current  spread. 

Third,  response-rate  is  often  used  as  an  ICSS  criterion  and  is  subject 
to  across-animal  ceiling  effects.  Fourth,  the  bipolar  stimulation  methods 
usually  employed  make  it  difficult  to  identify  the  appropriate  structure, 
particularly  in  instances  in  which  opposing  theories  suggest  different, 
yet  adjacent,  neuroanatomical  structures  as  the  substrate  for  ICSS  (23). 

Several  theories  have  alternatively  suggested  that  ICSS  is  mediated 
by  1)  catecholamines  in  general  (12),  2)  norepinephrine  in  particular 
(28),  3)  dopamine  in  particular  (3),  or  4)  the  extrapyramidal  system 
and  prefrontal  cortical  sites  (25,  26).  Flence,  according  to  alternate 
interpretations,  ICSS  behavior  elicited  from  the  dorsal  pontine  tegmentum 
has  been  attributed  to  the  activation  of  either  the  noradrenergic 
locus  coeruleus  (6,  9,  10,  13,  21,  24,  29)  or  the  brachium  conjunctivum 
and  mesencephalic  V (4,  25),  since  negative  results  were  claimed  for 
ICSS  from  locus  coeruleus  electrodes  (2,  27). 

Another  area  of  dispute  in  ICSS  behavior  is  the  mesencephalon  in 
which  ICSS  has  been  reported  in  both  lateral  and  midventral  areas  of 
the  periaqueductal  gray  by  some  investigators  (1,  5,  10,  19).  In 
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contrast,  other  reports  implicated  only  midventral  central  gray  ICSS, 
while  claiming  that  the  rest  of  the  area  is  aversive  (17).  Both 
catecholaminergic  and  extrapyramidal  theories  predicted  substantia 
nigra  ICSS  (1,  6,  18,  22,  25),  but  only  an  extrapyramidal  ICSS  hypothesis 
implicated  the  red  nucleus  in  ICSS  behavior. 

The  present  study  attempted  to  delimit  the  rewarding  loci  in 
dorsal  pontine,  mesencephalic  and  hypothalamic  ICSS  sites  and  to  over- 
come the  problems  cited  above.  To  accomplish  this,  a monopolar  stimu- 
lation technique  (31)  was  used  in  which  either  pole  of  a bipolar  electrode 
could  act  as  the  cathode,  which  allowed  comparison  of  ICSS  response 
rates  elicited  from  each  pole  of  the  same  bipolar  electrode  in  the  same 
animal.  Any  differences  in  response  rate  between  the  two  poles  would 
then  be  used  in  conjunction  with  histological  verification  to  specify 
further  the  sources  of  ICSS  reward. 

Method . 

Forty-six  male,  albino  Holtzman  Sprague-Dawl ey  rats,  weighing 
between  350  and  500  grams,  were  anesthetized  with  Chloropent  (2  nil /kg. 

Fort  Dodge)  and  stereotaxically  implanted  with  two  bipolar  electrodes 
(Plastic  Products  MS  303)  aimed  at  two  of  the  following  sites:  locus 
coeruleus,  midbrain  periaqueductal  gray,  substantia  nigra  and  hypothalamus. 
Each  bipolar  electrode  was  insulated  except  at  the  tips,  aligned  in 
a medial -lateral  direction  perpendicular  to  the  mid-sagittal  plane, 
and  each  tip  was  separated  from  the  other  by  0.3  mm.  Two  stainless 
steel  cortical  screws  were  attached  to  the  skull  and  connected  to  a 
third  electrode  by  uninsulated  wires;  these  screws  served  as  anodal 
indifferents  as  well  as  anchors  to  hold  a cap  of  dental  acrylic  to 


the  skull. 
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With  the  incisor  bar  set  at  five  mm.  below  the  interaural  line, 
the  locus  coeruleus  electrode  coordinates  were:  a)  1.5  - 2.0  mm. 
posterior  to  the  lambda  suture,  b)  1.0  mm.  lateral  to  a line  extrapolated 
from  the  sagittal  suture,  and  c)  7.0  mm.  from  the  top  of  the  skull. 
Periaqueductal  midbrain  central  gray  coordinates  were:  a)  0.6  mm. 
anterior  to  the  lambda  suture,  b)  1.5  mm.  lateral  to  the  sagittal 
suture,  c)  7.5  mm.  from  the  top  of  the  skull,  and  d)  inserted  at  a 
12  degree  angle  to  the  mid-sagittal  plane.  Substantia  nigra  coordinates 
were:  a)  2.0  mm.  anterior  to  the  lambda  suture,  b)  2.0  mm.  lateral 
to  the  sagittal  suture,  and  c)  8.2  mm.  from  the  top  of  the  skull. 
Hypothalamic  coordinates  were:  a)  4.2  - 4.4  mm.  posterior  to  the 
bregma  suture,  b)  1.5  mm.  lateral  to  the  sagittal  suture,  and  c)  8.7  mm. 
from  the  top  of  the  skull. 

After  ten  days  recovery,  each  animal  was  tested  for  ICSS  behavior 
from  each  site.  Each  animal  was  placed  in  a Plexiglas  and  stainless 
steel  operant  conditioning  chamber  (20  cm.  x 20  cm.  x 22  cm.).  A 4 cm. 
by  2 cm.  retractable  lever  was  located  4 cm.  above  the  grid  floor  on 
one  wall  of  the  chamber;  a force  of  0.2  Newtons  was  sufficient  to 
depress  the  lever  and  this  constituted  a response.  Electromechanical 
and  solid-state  switching  circuitry,  located  in  an  adjacent  room, 
monitored  the  animal's  response  rate,  recorded  minute-by-minute  response 
rates  on  a data  tape,  controlled  the  amount  of  time  the  lever  was 
available,  and  controlled  contingencies  of  reinforcement. 

Reinforcements  were  negative-going  pulses  of  electrical  stimulation 
delivered  to  the  animal's  electrode  site  from  a stimulator  constructed 
from  Digi-bit  solid-state  logic  circuitry,  which  allowed  the  experimenter 


i 


p.  4. 


to  manipulate  independently  interpulse  intervals  and  pulse  durations. 

All  parameters  of  stimulation  were  preset  before  the  stimulation  period 
by  monitoring  on  a cathode  ray  oscilloscope  across  a 10,000-ohm  precision 
resistor  which  substituted  for  the  animal,  thus  giving  a ratio  between 
the  amplitude  of  that  resistor  and  the  actual  resistance  of  the  animal. 

For  each  electrode  site,  each  animal  was  shaped  to  lever-press 
on  a continuous  reinforcement  schedule  for  a maximum  of  15  daily 
sessions  at  a variety  of  current  intensities,  interpulse  intervals  and 
train  durations.  Each  pole  was  tested  as  a cathode,  and  both  bipolar 
(the  second  pole  of  the  electrode  acting  as  an  anode)  and  monopolar 
(the  cortical  screw  acting  as  the  anode)  stimulation  was  utilized. 

If,  after  15  daily  sessions,  the  rat  did  not  self-stimulate,  the  second 
site  was  tested  in  the  same  manner.  If  the  rat  did  not  self-stimulate 
from  either  electrode  site,  it  was  eliminated  from  the  study. 

An  animal  could  press  for  the  following  electrical  stimulation 
parameters.  Pulse  duration  was  set  at  0.1  msec,  and  the  interpulse 
interval  was  set  at  5 msec.  (200  pulses/sec.)  unless  the  animal  exhibited 
motor  artifacts  which  interfered  with  its  lever  pressing.  In  such 
cases,  the  interpulse  intervals  were  lengthened  in  order  to  eliminate 
these  artifacts.  The  train  duration  was  set  at  700  msec.,  a value 
comparable  to  those  of  previous  studies  which  used  response  rate  as 
a measure  (8,  14).  Current  intensities  ranged  from  150  - 700  yA. 

The  current  intensity  was  varied  in  50  microampere  steps  until  the 
lowest  intensity  was  found  which  would  elicit  peak  responding  from 
one  of  the  poles  of  the  bipolar  electrode.  When  this  intensity  was 
set,  the  animal  was  tested  for  specificity  of  response  rate  in  the 
following  manner. 
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Over  three  days  for  each  electrode  site,  each  animal  was  tested 
for  six  7-mln.  periods  at  the  stimulus  parameters  described  above. 

[lata  collected  from  the  first  two  minutes  of  each  7-min.  period  were 
discarded  to  control  for  any  carry-over  effects  from  the  previous  period. 
Response  rates  over  the  last  five  minutes  of  the  7-min.  period  were 
averaged,  recorded,  and  constituted  the  dependent  variable.  During 
three  of  the  six  7-min.  periods,  the  lateral  pole  of  the  bipolar 
electrode  served  as  cathode;  the  medial  pole  of  the  bipolar  electrode 
served  as  cathode  during  the  other  three  periods.  The  order  In  which 
each  pole  served  as  cathode  was  alternated  In  an  a-b-b-a-a-b  manner 
over  the  six  periods  each  day  and  counterbalanced  over  the  three-day 
testing  session. 

After  determination  of  response  rate  from  each  pole  of  the  bipolar 
electrode  for  the  first  site  was  made,  the  same  procedure  was  repeated 
for  the  second  electrode  to  determine  If  it  also  supported  ICSS.  Data 
for  each  electrode  site  were  analyzed  separately;  t-tests  determined 
if  there  were  a significant  difference  between  the  response  rates 
elicited  from  the  medial  and  lateral  poles  when  each  served  as  the 
cathode. 

After  completion  of  the  experiment,  each  rat  was  injected  with 
an  overdose  of  Chloropent  and  intracardial ly  perfused  with  0.91  normal 
saline  solution,  followed  by  101  Formalin  solution.  Trozen  serial 
sections  (40  u.)  were  stained  with  luxol  fast  blue  for  fibers,  and 
cressyl  violet  for  cell  bodies  (15).  Microscopic  examination  of  each 
electrode  site  with  precise  localization  of  each  pole  of  the  bipolar 
electrode  was  done  by  comparing  the  stained  sections  with  available 
rat  atlases  (16,  .14).  All  electrode  calls  were  made  bv  two  independent 


raters.  One  rater  knew  the  data  of  each  animal,  while  the  second  rater 
was  blind  with  respect  to  the  data.  The  Independent  rating  had  a 0.98 
correlation  with  one  another;  in  cases  In  which  the  raters  were  In 
slight  disagreement,  the  call  was  remade  by  the  rater  who  was  blind 
to  the  data. 

Results. 

Sixty-six  electrode  placements  In  46  animals  were  tested  for  1CSS 
responding,  with  each  electrode  tip  serving  as  cathode. 

Hypothalamic  placements  were  compared  in  three  ways;  1)  medial 
forebrain  bundle  (MFB)  vs.  perlfornlcal  area,  2)  lateral  aspect  of 
the  MFB  vs.  MFB,  and  3)  perifornical  area  vs.  dorsomedial  hypothalamic 
area. 

First  slide. 

In  seven  of  14  animals,  the  tip  in  the  medial  forebrain  bundle 
exhibited  response  rates  which  were  significantly  greater  than  the  tip 
in  the  perifornical  area  (alpha  less  than  .05).  In  the  remaining 
seven  animals,  electrode  tips  in  the  medial  forebrain  bundle  elicited 
higher  rates  than  those  from  tips  in  the  perifornical  area  in  five  of 
seven  Instances,  although  these  differences  did  not  attain  significance. 
Perifornical  ICSS  rates  were  never  significantly  greater  than  MFB  ICSS 
rates  in  any  animal  tested. 

Second  slide. 

In  six  of  eleven  animals,  the  tip  in  the  MFB  exhibited  response 
rates  which  were  significantly  greater  than  those  from  the  tip  lateral 
to  it,  whereas  in  no  case  was  the  reverse  true.  These  lateral  areas 
border  on  the  hypothalamic  aspects  of  the  crus  cerebri  and  internal 
capsule. 
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Third  sljde. 

In  three  of  eight  animals,  the  tip  in  the  perifornical  area  ex- 
hibited response  rates  which  were  significantly  greater  than  those 
from  tips  either  dorsal  or  medial  to  the  perifornical  area.  In  the 
remaining  animals,  four  of  five  animals  produced  higher  response  rates 
when  stimulating  from  the  perifornical  area  than  when  stimulating  from 
an  area  dorsal  or  medial  to  it,  although  these  differences  did  not 
attain  significance.  In  no  case  did  dorsal  or  medial  placements  elicit 
significantly  higher  response  rates  than  those  from  perifornical  place- 
ments. These  medial  areas  include  the  dorsomedial , ventromedial,  peri- 
ventricular, and  anterior  hypothalamic  nuclei. 

Locus  coeruleus  placements  were  compared  in  two  ways:  medial 
aspect  of  the  locus  coeruleus  vs.  locus  coeruleus  area,  and  lateral 
aspect  of  the  LC  vs.  LC  area. 

Fourth  and  fifth  slides. 

In  nine  of  thirteen  animals,  the  tip  either  impinging  upon  or 
closer  to  the  locus  coeruleus  or  dorsal  noradrenergic  bundle  elicited 
response  rates  which  were  significantly  greater  than  those  from  the  tip 
medial  to  it.  Of  the  remaining  four  animals,  three  had  higher  response 
rates  for  the  tip  in  the  locus  coeruleus  than  for  the  tip  medial  to 
it,  although  these  differences  did  not  attain  significance.  No  animals 

in  this  study  elicited  significantly  higher  rates  for  stimulation 

• • • • • ~ « 

delivered  to  areas  medial  to  the  locus  coeruleus  as  compared  t.o^the 
locus  coeruleus  itself. 

Sixth  and  seventh  slides. 

In  three  cases,  the  tip  impinging  upon  or  closer  to  the  locus 
coeruleus  elicited  ICSS  responding,  while  the  tip  medial  to  it  did 
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not  elicit  any  ICSS  responding  at  any  set  of  parameters. 

In  three  of  five  animals,  the  tip  either  impinging  upon  or  closer 
to  the  locus  coeruleus  or  dorsal  noradrenergic  bundle  elicited  response 
rates  which  were  signi f icantly  greater  than  those  from  the  tip  lateral 
to  it.  In  one  case  in  which  ICSS  rates  were  significantly  greater 
for  the  medial  tip  closer  to  the  locus  coeruleus,  the  lateral  tip 
did  not  sustain  ICSS  behavior. 

Periaqueductal  midbrain  central  gray  placements  were  compared 
on  the  basis  of  one  tip's  impinging  upon  midline  structures  while  the 
other  tip  was  lateral  to  midline  structures. 

Eighth  and  ninth  slides. 

In  ten  of  twelve  animals,  the  tip  impinging  upon  midline  central 
gray  structures  elicited  response  rates  which  were  significantly  greater 
than  those  from  the  tip  lateral  to  it.  In  all  instances,  the  electrode 
tip  impinging  upon  midline  central  gray  structures  yielded  higher 
response  rates  than  the  tip  lateral  to  it.  In  three  cases,  the  tip 
impinging  upon  midline  central  gray  structures  elicited  ICSS  responding 
while  the  tip  lateral  to  it  did  not  elicit  ICSS  responding  for  anv 
set  of  parameters. 

Tenth  and  eleventh  slides. 

In  one  instance,  both  electrode  tips  straddled  the  midline;  In 
this  instance,  the  response  rates  were  equipotent.  These  midline 
structures  included  the  oculomotor/Edinger-Westphal  nuclei,  the  medial 
longitudinal  fasciculus,  nucleus  linearis,  and  the  dorsal  and  ventral 
tegmental  decussations.  Most  of  these  sites  correlate  with  mesencephalic 
A- 10  of  Dahl strom  & Fuxe  (7),  and  are  considered  to  be  dopaminergic  (.T?). 

Ld 
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Substantia  nigra  placements  were  compared  on  the  basis  of  impinging 
upon  or  proximity  to  the  pars  compacta  of  the  substantia  nigra.  In 
all  three  cases,  electrode  tips  located  in  or  close  to  the  pars  compacta 
elicited  response  rates  which  were  significantly  greater  than  rates 
elicited  by  electrode  tips  ventral  or  medial  to  the  pars  compacta. 

Twelfth  and  thirteenth  slides. 

In  one  case,  both  tips  were  in  the  red  nucleus,  an  extrapyramidal 
structure,  and  neither  tip  supported  ICSS. 

Discussion. 

In  42  of  66  placements  tested,  response  rates  elicited  under  one 
tip  serving  as  cathode  were  significantly  greater  than  response  rates 
elicited  by  the  other  tip  serving  as  cathode  0.3  inn.  away.  This  fact 
suggests  very  strongly  that  the  areas  supporting  the  ICSS  phenomenon 
are  very  discrete,  and  small  changes  in  electrode  placement  produce 
significant  changes  in  ICSS  behavior. 

Hypothalamic  ICSS.  particularly  medial  forebrain  bundle  ICSS, 
has  been  most  widely  studied  by  researchers  (see  12  for  review).  In 
most  studies,  hypothalamic  ICSS  has  been  thought  of  as  uniform.  However, 
recent  lesion  (11)  and  pharmacological  (30)  studies  have  demonstrated 
different  influences  on  various  aspects  of  hypothalamic  ICSS.  This 
study  provides  strong  evidence  that  hypothalamic  ICSS  can  be  differenti- 
ated on  the  basis  of  response  rate.  Since  the  hypothalamus  has  been 
extensively  mapped,  comparisons  of  the  present  and  previous  studies' 
results  are  a means  of  validating  this  particular  procedure.  Gentian 
S Bowden  (12)  reviewed  over  500  hypothalamic  placements  described  in 


over  30  separate  studies  and  reported  the  same  response  differentiations 
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as  noted  In  the  present  study.  Therefore,  this  procedure  should  be 
an  accurate  indicator  of  differences  in  responding  for  brain  loci 

!1 

where  controversy  exists  as  to  the  source  of  ICSS  from  a given  area. 

This  study  provides  direct  evidence  for  involvement  of  the  locus 
coeruleus  and  dorsal  noradrenergic  bundle  in  ICSS  behavior.  Several 
laboratories  (6,  9,  10,  21,  24)  report  that  ICSS  behavior  can  be  elicited 
from  the  locus  coeruleus  and  dorsal  noradrenergic  bundle  electrode 
sites.  On  the  other  hand,  other  studies  (2,  25,  27)  report  that  no 
ICSS  behavior  could  be  elicited  from  locus  coeruleus  cell  bodies. 

In  this  study,  18  pontine  placements  supported  ICSS  behavior;  in  all 
cases,  one  or  both  of  the  electrode  tips  was  located  in  the  region  of 
the  locus  coeruleus.  On  the  basis  of  our  findings  that  proximity 
to  the  locus  coeruleus  produces  higher  ICSS  response  rates,  it  is  ap- 
parent that  ICSS  is  elicited  from  only  a discrete  dorsal  pontine  area, 
and  that  this  area  overlaps  the  locus  coeruleus. 

Periaqueductal  placements  exhibited  the  same  degree  of  response 
specificity  with  respect  to  electrode  tip  location.  These  data  cor- 
relate well  with  reports  of  both  liSS  and  non- ICSS  behavior  reported 
previously  (6,  10,  17).  Most  of  these  sites  correlate  with  mesencephalic 
a-10  of  Dahlstrom  t,  Fuxe  (7),  and  are  considered  to  be  dopaminergic  (32). 

Substantia  nigra  placements  also  demonstrate  differentiation 
between  electrode  tips  in  close  correlation  with  previous  studies 
(6.  25). 

This  technique  seems  to  overtome  four  criticisms,  first,  current 
spread  cannot  be  used  as  a criticism  because  the  electrode  tips  and 
hence  cathodal  sources  are  0.3  mm.  apart  and  any  difference  between 
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the  two  tips  should  necessarily  be  attributed  to  activity  beneath  the 
tip,  since  each  tip  has  an  equipotent  chance  of  spreading  current  to 
equivalent-sized  areas.  Under  a current-spread  hypothesis,  electrode 
tips  in  such  proximity  should  exhibit  similar  response  rates,  whereas 
in  fact,  751.  of  the  placements  tested  elicited  significantly  different 
response  rates  from  their  electrode  tips. 

A second  criticism  was  the  use  of  response  rate  as  a measure, 
where  ceiling  effects  in  some  animals  might  confound  the  results. 

Most  mapping  studies  (12,  20)  in  the  past  have  used  a separate-groups 
design;  that  is,  only  one  electrode  site  was  tested  in  each  animal. 
Therefore,  if  particular  animals  had  idiosyncratic  response  limitations, 
then  response  rate  would  not  be  affected  by  locus  of  stimulation,  but 
rather  by  some  peculiarity  of  the  animal.  In  this  study,  comparisons 
are  made  within  a particular  electrode  locus  within  a particular  animal. 
Thus,  any  between-animal  differences  are  controlled. 

A third  possible  criticism  is  differences  in  tissue  conductivity 
under  each  electrode  tip,  as  measured  by  differences  in  resistance 
level.  As  described  in  the  methods  section,  the  amplitude  of  the 
current  intensity  delivered  to  the  animal  is  pre-set  by  comparing  the 
animal's  resistance  level  to  a 10,000-ohm  resistor  for  each  electrode 
tip.  Large  differences  in  resistance  between  electrode  tips  would  be 
mirrored  in  large  differences  in  the  ratios  established  across  the 
resistor.  In  every  case,  there  was  no  difference  between  the  resistance 
levels  of  the  two  tips,  even  though  there  may  have  been  a significant 
difference  in  response  rate. 

A fourth  possible  criticism  is  the  use  of  bipolar  stimulation 
methods.  Ranck  (23)  provides  some  discussion  of  the  problems  inherent 
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in  such  a technique,  the  most  prominent  of  which  is  the  problem  of 
anodal  surround.  A fiber  is  depolarized  near  a cathode  by  outward 
current,  and  hyperpolarized  on  either  side  by  inward  current  ("anodal 
surround").  If  the  hyperpolarization  is  large  enough,  an  action  po- 
tential initiated  under  the  cathode  may  not  be  able  to  propagate  through 
the  region  of  hyperpolarization.  We  have  circumvented  this  problem 
by  aligning  the  electrode  tips  in  a medial -lateral  axis  to  take  ad- 
vantage of  the  fact  that  the  neural  substrates  of  ICSS  traverse  in  an 
ascending-descending  axis,  rather  than  in  a medial -lateral  one.  We 
have  also  employed  a monopolar  stimulation  arrangement,  with  the  anodal 
indifferent  anterior  and  distant  from  the  electrode  tips. 

In  conclusion,  ICSS  seems  to  be  a discrete  phenomenon,  delimited 
by  and  corresponding  closely  to  catecholaminergic  systems. 
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